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In freshwater the crayfish, Pacifasticus leniusculus, main- 

tains sodium balance by absorbing sodium against a large concentra- 

tion gradient. The site of uptake is the gills. The rate of uptake is 

regulated and can be increased by depleting the animals of sodium 

Neither the mechanism of sodium transport or the regulatory mecha- 

nism is understood for any invertebrate. Sodium balance in verte- 

brates is known to be at least partially regulated by hormones. It 

is conceivable that the crayfish regulates sodium balance in an 

analogous fashion. The eyestalks were studied as a possible source 

of such hormones. 

The immediate effects of eyestalk removal on an average 

crayfish of twenty grams are (1) a net uptake of sodium amounting 

to about 96 [leg in three days, (2) a negligible uptake of water. and 

(3) a significant decrease in the sodium and chloride concentrations 

in the blood. The first two effects can be attributed to handling 



stress, for they also occurred in sham operated animals and ani- 

mals handled to the same extent as animals without eyestalks. The 

third effect was characteristic of animals without eyestalks. It is 

concluded that the eyestalks may exert some control over the ex- 

changes of sodium and chloride between the blood and some yet 

unidentified "salt- pool" in the animal. 

Crayfish lose sodium when transferred from pond water to 

flowing or frequently changed distilled water. The initial rate of 

loss is approximately 0.07 µeq /g /hr. However, after a latent 

period of 72 hours, this is reduced by one half. This "depletion 

response" is not affected by eyestalk removal. 

Salt- depletion activates the sodium transport system so that 

when salt - depleted crayfish are returned to dilute solutions of 

NaC1 they take up net quantities of sodium at a rapid rate (maximum 

0.3 N.eq /g /hr), and thus restore their sodium balance. This "uptake 

response" is also not influenced by eyestalk removal. These data 

suggest that the eyestalks are not important in regulating the ex- 

change of sodium between the internal and external medium. 

Sections of the eyestalks from crayfish which had been salt 

depleted and salt loaded were examined for neurosecretion and 

compared with sections from control animals. No differences were 

observed. 
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THE ROLE OF THE EYESTALK IN SODIUM 
METABOLISM IN THE CRAYFISH 

PACIFASTACUS LENIUSCULUS 

INTRODUCTION 

The Crustacea are of marine origin, and most species are 

best suited for this existence. However, a few representatives of 

the class have independently evolved mechanisms that permit them 

to survive in environments more dilute than sea water. The spider 

crab, Maja, the wool- handed crab, Eriocheir, and various species 

of crayfish are examples of aquatic decapod crustaceans with differ- 

ent abilities to withstand osmotic stress. 

Maja, a typical deep -sea crustacean, is poikilosmotic 

(osmotically labile and its body -fluid concentration changes with 

the medium, Prosser & Brown, 1962), and cannot survive more 

than two hours in 80% sea water (Duval, 1925; Schwabe, 1933). 

Eriocheir can live most of its life in estuaries, but must 

return to the sea to breed (Schlieper, 1935). In brackish or fresh 

water it is a hyperosmotic regulator. This is possible because of 

the low permeability of its exposed surfaces to water, and a corre- 

sponding low rate of urine production (Schwabe, 1933; Scholles, 

1933; Shaw, 1959). However, unlike most truly fresh -water animals, 

it produces a urine isoosmotic to its blood resulting in considerable 

urinary loss of solute. This loss plus that taking place by diffusion 



2 

across the body surface is balanced by the absorption of ions by 

the gills against electro- chemical gradients (Koch, 1954). 

The various species of crayfish are common in most fresh- 

water rivers and lakes where they can complete their entire life 

cycle. They are able to live in fresh -water for much the same 

reasons as Eriocheir, but in addition can produce urine hypoosmotic 

to their blood -- A of blood =Û. 81°C; ^ of urine - - =0. 09 °C (Scholles, 

1933). In terms of efficiency of osmoregulatory mechanisms this 

represents an important advance (Potts, 1954). 

Maintained in fresh -water, without food, a crayfish can re- 

main in a steady state with respect to sodium and chloride for 

several weeks (Shaw, 1959). The renal and extra -renal efflux of 

these ions is compensated by the operation of inwardly oriented 

transport systems located in the gills and antennary glands. The 

activities of these systems are delicately regulated with respect 

to each other and with respect to the external environment (Shaw, 

1959; Bryan, 1960b, c). 

The sodium concentration in the blood of a crayfish can be 

lowered by bathing the animal in frequently changed or flowing 

distilled water. Under these conditions the animals suffer a net 

loss of sodium and become salt- depleted. It is interesting that 

most fresh -water animals respond to depletion by reducing both 

their renal and extra -renal salt losses. 
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When such salt - depleted animals are returned to dilute solu- 

tions of sodium and /or chloride, they will take up net quantities of 

these ions and restore their salt content to normal levels. The up- 

take of sodium and chloride can be independent of each other (Bryan, 

1960c). 

Studies with radioactive sodium have shown that the net uptake 

of this ion reflects increased efficiency of the sodium pumps located 

in the gill epithelium and the cells lining the tubule of the green 

gland (Shaw, 1959). Little is known about the physiological mechan- 

isms underlying these responses to salt depletion.. Curiously, they 

are found in many fresh -water animals including vertebrates (Krogh, 

1939). In this group there is evidence for endocrine mediation 

(Crabbé, 1961 a, b). Since the kinetics of the response in the cray- 

fish are essentially the same as in vertebrates (Shaw, 1959; Bryan, 

1960c; Alvarado, 1959), one might suspect an analogous endocrine - 

mediated mechanism. While this has been suggested (Bryan, 1960b), 

no evidence for such a mechanism has been forthcoming. 

One may question the validity of comparing such widely 

divergent groups as crustaceans and vertebrates. However, analo- 

gous endocrine mechanisms are not unheard of in these groups. 

The brain -x -organ -sinus gland complex of crustaceans is quite 

similar (analogous) to the brain -hypophysial complex of vertebrates. 

Both participate in the elaboration of hormones derived from nerve 
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cells, i, e. , neurosecretion. (Bliss & Welsh, 1952; Duncan, 1955; 

Scharrer & Scharrer, 1954). Furthermore, there is evidence that 

the hormones produced may be chemically similar, i. e. , polypep- 

tides (Oestlund & Faenge, 1956; du Vigneaud, Lawler & Popenoe, 

1953). Extracts of the eyestalks are similar in effects to extracts 

of the posterior pituitary in controlling water uptake and melano- 

phore expansion in fish, tadpoles, and frogs (Perkins & Kropp, 1933; 

Heller & Smith, 1948). 

It would seem reasonable to suspect hormonal control of sodium 

metabolism in crayfish. Since most known hormones of Crustacea 

are produced or stored in the eyestalks (Enami, 1951a, b; Bliss, 

Durand & Welsh, 1954), and because these organs are readily ac- 

cessible, the eyestalk represents a logical point of departure. 

Experimental methods for showing endocrine control of a 

physiological process have been well established (see Turner, 1960), 

but are difficult to satisfy in invertebrates. Evidence for an endo- 

crine control of sodium metabolism would be provided if eyestalk 

ablation influences the salt- depletion and uptake responses. 

Negative results would not preclude the possibility of endo- 

crine mediation or prove that the eyestalks are not important in the 

normal elaboration of the hormone. The response may not be 

altered by eyestalk ablation if the hormone is manufactured in the 

brain, transported to the sinus gland via neurosecretory axons, and 
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stored there until released. Enami (1951) has shown in the crab, 

Sesarma,that at least one chromatophorotropic hormone is elaborated 

in the brain and transported via axons to storage and release sites 

in the eyestalks. He suggests that the hormone can be released 

directly into the blood when the axons are cut. 

The objectives of this study were to determine if eyestalk 

ablation of Pacifastacus leniusculus will affect the sodium -depletion 

responses, and body fluid concentrations of sodium. Histological 

sections of the brain and eyestalk were made to detect changes in 

the neurosecretory activity which might be correlated with the up- 

take or depletion responses. Also such studies would serve to 

locate the site of synthesis of the neurosecretions. If eyestalk 

ablation produced no changes in sodium metabolism, the sections 

would serve as a check for alternate release sites. 
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PROCEDURE 

Collection and Maintenance of Animals 

Male crayfish (Pacifastacus leniusculus) were trapped in 

minnow traps in a pond at the Oregon State University arboretum 

located north of Corvallis. The crayfish were maintained in flowing 

dechlorinated tap water. The water temperature varied between 

15 -17oC. The animals were starved for two weeks prior to and 

during the experiment to insure that their intestines were empty. 

Sodium Balance Studies 

Immediate Effects of Eyestalk Removal 

Preparation of Animals 

Seventeen animals (15g - 25g) were allowed to acclimate in 

1.0 mM NaC1 for one week. After one week the animals were 

divided into three groups and labeled as follows: 

Operated: Seven animals with both 

eyestalks removed. 

Sham Operated: Five animals with the second 

walking leg on the right side removed. 

Controls: Five animals with no surgery but 

handled the same as the above. 
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Prior to treatment each animal was weighed. After removal 

of the eyestalks or a walking leg, the open wound was cauterized 

with an electric micro - cautery; the animal was weighed again, and 

placed in 300 ml of 1.0 mM NaCl. During acclimation and the 

experiment the temperature was 14°± 2°C. 

Collection of Samples and Data 

A five ml sample was withdrawn from the bath at 12 hour 

intervals. Five ml of 1.0 mM NaCI was replaced to maintain a 

constant bath volume. The bath was changed every 24 hours. 

Between changes each animal was weighed. The experiment was 

terminated at the end of 72 hours, at which time a blood sample 

was taken by placing a glass capillary tube in the stump of the 

walking leg after breaking the leg off at the autotomy line. The 

blood samples were frozen until analysis. 

Salt Depletion Responses 

Preparation of Animals 

Thirty -six animals (14g 50g) were selected for the experi- 

ment. They were randomly divided into three groups, each con- 

taining 12 animals. The animals of each group were treated as 

follows: 

- 

- 
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Group I -- no treatment 

Group II -- right eyestalk removed 

Group III -- both eyestalks removed. 

After removal of the eyestalks the open wound was cauterized with 

an electric micro - cautery. Each animal was immersed in 500 ml 

of 1.0 mM NaC1 and left for three days. The temperature for this 

period and during the rest of the experiment was 160± CC. 

Depletion Procedure 

Each animal was weighed. Half of the animals in each of 

the three groups were salt depleted by immersing each animal in 

300 ml of distilled water which was changed every 24 hours for a 

total of six days. The remaining six animals of each group were 

placed in individual jars containing 300 ml of 1.0 mM NaCl. The 

solution was changed daily and the animals were handled to the 

same extent as those in distilled water. Ten ml samples of the 

bathing medium were taken at the beginning and end of each 24 hour 

period. 

Attainment of Sodium Balance Following Depletion 

At the end of six days all of the animals were transferred to 

individual jars containing 300 ml of 1.0 mM NaCl. Ten ml samples 

were withdrawn after 0, 4, 8, 20, 32, 56, and 80 hours. The volume 



was kept constant by replacing 10 ml of 1.0 mM NaC1 after each 

sample. At the termination of the experiment a blood sample was 

taken from each animal and frozen until analysis. 

Analysis of Samples 

The bath samples were analyzed for sodium by flame photom- 

etry (precision 1 %). The net quantity of sodium lost or gained by 

each animal was determined by taking into account the sodium con- 

centration of the bath and its volume. 

The blood samples were diluted 200 times with distilled water 

and analyzed for sodium and potassium by flame photometry. Chlor- 

ide concentration of the blood was estimated by the Schales method 

(Schales & Schales, 1941), or with a chloridometer (Cotlove, 

Trantham and Bowman, 1958). Both methods give comparable 

results. 

Histology 

Preparation of Animals 

Twenty -two animals were selected. Eight animals were 

salt depleted by immersion in distilled water, six were salt 

loaded by immersion in 50 mM NaC1, and eight were kept in 

1.0 mM NaC1 (controls). In each case the bath was changed 

daily for seven days. At the end of this period half of the 

9 
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animals from each group were sacrificed. The brains and eyestalks 

from each were dissected and fixed in Bouin's solution (see below). 

The remaining animals were placed in 1.0 mM NaCl and left for 

seven days. Each animal was then sacrificed and its brain and 

eyestalks were fixed. 

Dissection, Fixation, and Staining 

The brain was dissected by removing the head of the crayfish 

along the cervical groove. The head was inverted and filled with 

Bouin's fixative. The brain was then freed from connective tissue 

and its nervous connections cut. The brain was then removed by 

the stumps of the ventral nerve cords. The eyestalks were next 

freed by peeling the hard chitin away. Brains and eyestalks were 

fixed in freshly prepared Bouin's solution (1% CaC12 added) at 

least 24 hours. 

The tissues were dehydrated in alcohol, cleared in xylene, 

and embedded in paraffin. Sections were cut at 10 microns and 

stained with fuchsin aldehyde (Gomori, 1950) ar_ cording to the 

schedule of Halmi (1952). 
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RESULTS 

Immediate Results oi Eyestalk Removal 

Figure 1 shows the effect of handling, removal of a leg, and 

eyestalk ablation on sodium balance. Regardless of treatment, the 

animals take up net quantities of sodium at a mean rate of 0.07 

µeq /g /hr. Since the mean weight of the animals was 20g, an "aver- 

age" animal will have gained 94 ieq in three days. 

Figure 2 suggests that animals without eyestalks experience an 

initial increase in weight which presumably reflects an uptake of 

water. Those with eyestalks show an initial loss of weight. However, 

the magnitude of this loss or gain was less than ±0. 4g for animals 

whose mean weight was 20g. The maximum difference occurs at 24 

hours and the difference between the means is not significant (P >0.05). 

Table 1 shows that animals without eyestalks have lower 

sodium, potassium, and chloride concentrations in their blood than 

the other animals (P<0. 01). 

Table 1. The effect of eyestalk ablation on the concentrations of 
sodium, potassium and chloride in the blood of Pacifasta- 
cus leniusculus. 

No. of Mean Wt. ni eq/ 1 In the Blood 
Animals In Grains Sodium Cloride Potassium 

No eyestalks 

One leg removed 5 20. 1 ±3 211 ±14 194±14 4.8±0.4 

7 18.1 ±2* 166 ±12 163±15 4. 0±0. 4 

Control 5 24. 0 ±3 186± 6 176± 9 4.4±0.2 
Animals were immersed in a 300 ml bath of 1.0 mM NaCI imme- 
diately after treatment. Blood samples were taken 72 hours later. 
mean± S. E. >x 
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Figure I. The immediate effects of eyestalk removal on 

sodium balance in Pacifastacus leniusculus. 

After treatment each animal was immersed in 

300 ml of 1.0 mM NaC1 and changes in the 

sodium concentration of both were noted. The 

mean weight of the animals was 20 g (S. E.='` 2). 
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0 0 Eyestalks ablated 
0 0 One leg removed 
0 O Control 
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Figure 2. Immediate effects of eyestalk removal on body 

weight in Pacifastacus leniusculus. After treat- 

ment and initial weighing, the animals were 

immersed in 300 ml of 1.0 mM NaC1 and changes 

in weight were noted. The mean initial weight of 

the animals was 20 g (S. E.± 2). 
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In summary, animals without eyestalks take up relatively 

large quantities of sodium without the concomitant uptake of water. 

Yet the concentration of sodium in the blood falls. Thus, the eye- 

stalks may play a role in controlling the distribution of sodium 

between blood and other tissues. 

Effects of Eyestalk Removal on the Depletion Response 

The Group I animals in Figure 3 were considered control 

animals, and received no surgical treatment. They were divided 

into two groups, labelled A and B. The A animals remained in 

1.0 mM NaC1 and were not depleted, while the B animals were 

depleted and then allowed to regain their sodium balance. 

The A animals in Figure 3 took up net amounts of sodium 

from a 1.0 mM NaC1 bath. The rate of net uptake declined with 

time and approached zero (steady state) after about 96 hours. The 

initial rate of uptake was 0.10 fteq /g /hr. The total amount of 

sodium gained was 7 fieq /g. 

The B animals in Figure 3 lost net amounts of sodium during 

the first 72 hours at the rate of about 0.07 fieq /g /hr. The rate of 

loss was approximately linear for this period of time. After 72 

hours the rate of loss decreased to about 0.03 fzeq /g /hr.. , less than 

half of the initial rate. The mean net loss of sodium by the animals 

during exposure to distilled water (144 hours) was 7. 5 fieq /g, 
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Figure 3. Sodium balance in Pacifastacus leniusculus, Group I animals with eyestalks present. 

The dashed line refers to A animals maintained in 300 mi of 1. 0 mM NaC1 throughout 

the entire experiment. The mean initial weight of these animals was 20 g. The solid 

line refers to B animals kept in distilled water, changed every 24 hours for a total of 

144 hours (depletion period). The animals were then transferred to 300 ml of 1. 0 

mM NaC1 (uptake period), The mean initial weight of these animals was 25 g. 
v, 

__-o------0-_ ,- - 
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After transfer to 1.0 mM NaC1, the salt-depleted animals 

took up net quantities of sodium at a rapid rate. The uptake was 

exponential in relation to time. The initial (first eight hours) rate 

of uptake was 0.6 tieq /g /hr. The rate for the next eight hours was 

reduced to 0. 03 Inert/ g/hr. The net uptake of sodium lasted for 

approximately 32 hours, whereupon the animals came into a steady 

state. 

Group II animals shown in Figure 4 had one eyestalk removed. 

This group was also divided in two, labelled A and 13, and handled 

like animals in Group I, Figure 3. 

The A animals in Figure 4 took up net amounts of sodium at 

the rate of 0.05 Fieq /g /hr from a bath of 1.0 mM NaC1, for the 

first 72 hours of the experiment. They then approached a steady 

state which they maintained for the rest of the experiment. 

The B animals in Figure 4 show that animals which have been 

placed in distilled water three days after unilateral eyestalk ablation 

lost net quantities of sodium. The rate of depletion for the first 72 

hours after transfer was linear and amounted to approximately 

0. 06 µeq /g /hr. After 72 hours the rate of loss decreased to about 

0.05 ìeq /g /hr. This decrease is not as pronounced as seen in 

Group I B. The mean net loss of sodium in the experimental. 

animals shown in Figure 4 was 7.5 ieq /g for 144 hours. 

After transfer to 1.0 mM NaC1 the uptake of sodium as a 
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Figure 4. Sodium balance in Pasifastacus leniusculus, Group II animals with one eyestalk 

removed. Symbols are as in Figure 3. The mean weight of the control animals 

(dashed line, A) was 23 g and of the depleted animals (solid line, B) 34 g. 
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function of time was exponential. The initial rate of uptake was 

0.5 ieq /g /hr for the first eight hours (144 -152 hours). The net 

rate for the next eight hours was reduced to 0.1 (ieq /g /hr. The net 

uptake of sodium lasted for approximately 40 hours, whereupon the 

animals reached a steady state. 

Group III animals in Figure 5 demonstrate the effect of 

bilateral eyestalk removal on the depletion and uptake responses. 

These animals were divided and labelled like the two preceding 

groups. 

The A animals of Group III, shown in Figure 5, also took up 

net amounts of sodium after being immersed in 1.0 mM NaCl. The 

rate of uptake was 0.2 req /g /hr for 96 hours. The animals then 

reached a steady state which was maintained for the rest of the 

experiment. 

The B animals in Figure 5 lost sodium to their bath essentially 

like animals of Figures 3 and 4. The total loss of sodium for 144 

hours was 7. 5 µeq /g /hr. 

After the B animals were transferred to 1.0 mM NaC1 the 

uptake of sodium was exponential. The initial rate of uptake was 

0.5 µeq /g /hr for the first eight hours (144-152 hours). The net rate 

for the next eight hours (152 -160) was reduced to 0. i jaeq /g /hr. 

The net uptake of sodium lasted 32 hours whereupon the animals 

reached a steady state. 
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Figure 5. Sodium balance in Pacifastacus leniusculus, Group III, both eyestalks removed. 

Symbols are as in Figure 3. The mean weight of the control animals (dashed 

line, A) was 20 g, and of the depleted animals (solid line, B) 26 g. 
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In summary, A animals in Figures 3, 4, and 5 responded 

similarly, regardless of treatment. They all took up net amounts 

of sodium for 72 -96 hours after immersion in 1.0 mM NaCl. The 

animals attained a steady state which was maintained for the dura- 

tion of the experiment. 

The B animals in Figures 3, 4, and 5 displayed the same 

pattern of response. Their initial rate of sodium depletion was 

approximately linear for about the first 72 hours. After 72 hours 

the rate of depletion was reduced by about one half. It appears 

that B animals of Groups I, II, and III can invoke the same mechan- 

ism in response to depletion which reduces their salt loss. The 

first 72 hours of depletion can be considered a latent period, which 

suggests an endocrine mediated response. The data show that 

eyestalks are not essential for the manifestation of this response. 

After transfer to 1.0 mM NaC1 all of the depleted B animals 

from each group took up net amounts of sodium with the kinetics 

of uptake the same regardless of treatment. The presence of 

eyestalks are not essential for the sodium- uptake response. 

Table 2 shows the concentrations of sodium and chloride in 

the blood of the animals at the end of the experiment. The B cray- 

fish which had been sodium depleted and then allowed to gain 

sodium had lower concentrations of sodium and chloride in their 

blood than corresponding A animals. In groups I and II the 
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difference is not statistically significant (P. >0. 05). However, in 

Group III animals the difference is highly significant (P <0. 01). 

Curiously, A animals of Group III do not have a lower concentration 

of sodium or chloride. This seemingly contradicts what was ob- 

served in Table 1; but notice that the experiments are not compar- 

able. In the first case (Table 1) the samples were taken three days 

after eyestalk ablation, and in the second case (Table 2) the samples 

were taken 12 days after ablation. 

Table 2. The effects of eyestalk removal and salt depletion on 
sodium and chloride concentrations in the blood of 
Pacifastacus leniusculus. 

No. Of 

Animals 
Mean Wt. 
In Grams 

m eq /1 in the blood 
Sodium Chloride 

Ad ,6 20í3f 200±1í 170í45f 
Group I 

a 

Be 6 25±6 175±22 161±37 

Ad 
b 

6 23 ±1 192±3 198±9 
Group II 

Be 5 34±13 180 ±2 184 ±4 

Ad 6 20±3 192 ±4 181 ±10 
Group IIIc 

Be 5 26±8 149 ±43 136 ±18 
a 

b 

c 

d 

e 

f 

Group I animals have both eyestalks present. 
Group II have one eyestalk removed. 

Group III have both eyestalks removed. 

"A" animals remained in 1.0 mM NaCl 

"B" animals were depleted in baths of distilled water and then 
allowed to take up sodium from a 1.0 mM NaC1 bath. 

mean± S. E. 
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Observations of the Eyestalks 

Plate 1 shows the general anatomical land marks in the eye- 

stalks and the relationship of the sinus gland to these land marks. 

The sinus gland is always located between the medulla externa and 

interna, but branches may be found as far back as the medulla 

terminalis. 

Plate II shows a more detailed view of the sinus gland. The 

dark mass within the gland represents stored neurosecretion which 

has been transported to this location from the MTGX and the brain 

(Enami, 1951b). The sinus gland and its secretions were green in 

color. 

The activity of the sinus gland was judged by two factors; its 

size and color. If neurosecretion is transported to the gland and 

not released, the size of the gland will increase. If large amounts 

of secretion are liberated, the sinus gland will appear depleted and 

smaller in size. The color of the gland is dependent upon the nature 

of the neurosecretions present. An acidic secretion will result in a 

green sinus gland with a darker green secretion. A more basic 

secretion shows a green gland with a blue secretion. 

Plate III and IV show the medulla terminalis ganglionic x organ 

(MTGX). The organ is somewhat more difficult to find than the sinus 

gland, but can be seen if particular attention is paid to the medulla 



Plate I. Longitudinal section through the eyestalk of Pacifastacus 

leniusculus. The dense black mass in the upper left hand 

corner is the pigment of the eye proper. From left to 

right are the four ganglia: 1. lamina ganglionaris, (LG), 

2. medulla externa (ME), 3. medulla interna (MI), and 

4. medulla terminalis (MT). Between the medulla externa 

and interna are the densely staining fragments of the sinus 

gland (SG). Leading from the sinus gland to the medulla 

terminalis is the sinus gland nerve (N). 

Magnification: 35X 

Plate II. A higher magnification of Plate I showing more detail of 

the sinus gland and accompanying sinus gland nerve. The 

dense particles within the sinus gland (SG) are neuro- 

secretory granules. Some granules can be seen just 

inside the nerve fiber membrane of the sinus gland nerve. 

Magnification: 100X 
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Plate III. The anatomical relationship between the medulla 

terminalis x organ (MTGX) and the medulla 

terminalis (MT). 

Magnification: 100X 

Plate IV. Longitudinal section through the eyestalk of 

Pacifastacus leniusculus showing the medulla 

terminalis x organ (MTGX). Notice the large 

nerve cell bodies which are characteristic of 

neruosecretory neurons. Granules can be seen 

in the cytoplasm. 

Magnification: 100X 
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terminalis (see Plate III). The extremely large cells of the MTGX 

are its major characteristic, and are of different histological types. 

The cells have a large nucleus and ring of cytoplasm which at times 

shows vacuoles. An active MTGX organ would have highly vacuolated 

cells with numerous secretory granules in the cytoplasm (Durand, 

1956; Enami, 1951). 

Plates of the "brain" proper have been omitted. It consisted 

primarily of typical ganglionic tissue with scattered groups of very 

large nerve cell bodies. The large cells of the brain were con- 

sidered to be neurosecretory in function (Enami, 1951), and re- 

sembled the large cells seen in MTGX. The criteria for the gross 

activity of these neurosecretory cells were the same as the MTGX. 

It was originally postulated that the different osmotic stresses 

applied to the animals could be correlated with changes in the sinus 

gland, MTGX, and brain. Particular attention was paid to the 

amount and color of secretions within the sinus gland, and the 

number of vacuoles and granules in the MTGX and brain. Careful 

comparison of serial sections from eyestalks and brains of control 

animals with those that had been salt loaded, or salt depleted, 

showed no differences. 
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DISCUSSION 

Immediate Effects of Eyestalk Removal 

The immediate response of Pacifastacus to a treatment, 

whether it is handling or eyestalk removal, is to take up net amounts 

of sodium from their bath, The time course of the uptake is in- 

dependent of treatment. If results from Figure 1, 3, 4, 5 are con- 

sidered together, the period of uptake may last six days. The 

mechanism of this stress response is unknown. 

The uptake of sodium is not accompanied by an uptake of 

water. This result was unexpected because one might think that 

water uptake would be stimulated by the osmotic effect of an addi- 

tional salt load, and the lack of a water balance hormone which is 

found in the eyestalk of at least some crustaceans (Nagano, 1958). 

It was most surprising that the sodium and chloride levels 

of the blood did not rise in these animals. In fact, they dropped in 

those animals with no eyestalks. Discussion of this point will be 

deferred to the next section. 

Effect of Eyestalk Removal on the Depletion Response 

Crayfish lose sodium to distilled water but the rate of loss 

is not constant. After about 72 hours the rate of loss decreases to 

a value of about half the initial rate of loss. This "sodium- depletion 
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response" is not affected by eyestalk ablation. The kinetics of 

sodium loss to distilled water were essentially the same in all three 

groups of animals. 

The marked reduction in the rate of sodium loss after 72 hours 

is explained by Shaw as a gain in efficiency of the "sodium pumps" 

responsible for the influx, with the efflux of sodium remaining con- 

stant (Shaw, 1959). 

Depletion curves shown in Figures 3, 4, and 5 are qualitatively 

comparable to those obtained by Shaw (1959) and Bryan (1960b) except 

that their curves were steeper (rate of loss higher). The reason 

for this is that they depleted their animals in flowing distilled water 

and measured the loss of sodium with radioactive sodium. They then 

obtained a more accurate estimate of the efflux of sodium. In the 

present experiment the bath was changed every 24 hours and the net 

flux observed was the efflux minus a slight influx. 

After 144 hours of depletion the above animals (B, Figures 3, 

4, and 5) were placed in 1 mM NaC1 and immediately began to take 

up net quantities of sodium. In all cases the time course of the 

uptake of sodium is exponential. The maximum rate of uptake was 

about 0.6 j.ieq /g /hr. The response lasted 32 -56 hours. 

Shaw (19 59) and Bryan (1959b) have analyzed the uptake 

response in another species of crayfish, Astacus. (See review of 

Potts and Parry, 1964; Shaw, 1964). The net uptake in Astacus 
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results from an increased influx, the magnitude of which is regulated 

by blood sodium. As the blood sodium decreases, the influx in- 

creases. It is possible that this is a direct effect but no mechanism 

for such a control system has been proposed, and indeed it is ex- 

tremely difficult to conceive of such a system within the framework 

of existing theories of ion transport. The consensus is that the 

effect is mediated by the endocrine system. The data presented 

here have eliminated the eyestalks as a source of the presumed 

hormone(s) involved in this response. 

There is evidence that the eyestalk serves some role in sodium 

metabolism. Crayfish had significantly lower blood sodium and 

chloride levels three days after removal of both eyestalks. Since 

these animals took up net quantities of sodium from the bath and did 

not take up net quantities of water the excess sodium must have been 

deposited in some tissue other than the blood. The sodium space 

for the crayfish is greater than the fluid volume of the animal 

(Bryan, 1960a), suggesting the possibility of a "sodium- chloride 

pool". Ion pools are not unheard of in other crustaceans. Asellus 

aquaticus has been reported to localize 20-30% of its total sodium 

content in the cells of Zenker's organ (Lockwood, 1959). Possibly 

the eyestalks are able to influence the exchange of sodium and 

chloride between this pool and the blood. 

The histological sections of the eyestalk and brain do not give 
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evidence to support this role for the eyestalk. The histological 

sections appeared to be essentially identical, However, only one 

stain was used, and it displayed basophilic secretions best. It is 

possible that some change could be detected using an acidophilic 

stain like chrome -alum- hemotoxylin - pholxin (Gomori, 1341) with 

a complementary change in fixative. It has also been suggested 

that some types of secretory particles may be sub -microscopic in 

size (Bliss,et al. , 1954), and any changes in these would go un- 

detected. 

The role of the eyestalks in sodium metabolism is not clear. 

There is evidence that the eyestalks play a role in regulating the 

exchange of ions between blood and other tissues. It can be seen 

from these studies that they do not exert much control over the 

activity of the sodium pumps operating in the epithelia which separate 

the internal and external environments. This of course does not 

obviate the possibility of hormonal control of their activity. Whether 

this involves a hormone remains to be seen, but it seems a likely 

hypothesis for several reasons: The crayfish is an open system 

whose sodium concentration is maintained by active transport. The 

animal's sodium concentration oscillates and the changes in flux 

rates are not rapid, taking a number of hours to occur. The system 

is said to be "loose" as contrasted to "stiff ", where there is no 

oscillation and the system responds rapidly to small changes in the 
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external or internal sodium concentration (Potts & Perry, 1964). 

A "loose" system would be an indication of hormonal control and 

a "stiff" system of nervous control. 

Hormonal control of a function, in general, has evolved over 

functions where a rapid response is not necessary, and the response 

must be maintained for long periods of time as in pigment migration 

and growth. Functions that respond rapidly and for short periods 

are usually under nervous control, for example, perception and 

alarm reactions. It is evident that neurosecretion represents a 

unique, and in some cases, approaches a combination of character- 

istics of both control mechanisms wh., 11, may be of advantage to the 

crayfish. 
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