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In astrocytes from rat brain cultured in thyroid hormone-deficient media cytochalasin B- 
binding was decreased 80%; addition of L-T3 increased binding to 75% of control  levels. 
Saponin-treatment of controls increased accessibi l i ty of binding sites to 60% above 
untreated ceils. Saponin also increased binding in def ic ient ceils; however, the level was 
less than in treated controls, suggesting L-T3 deficiency decreases total  glucose 
transporters. Addit ion of L-T3 appeared to convert most (90%) of the binding sites from 
unavailable to accessible status. Changes in binding to plasma membranes in response to 
L-T3 level were similar to those in in tact  cells. No binding to Golgi was detectable, thus 
no evidence for translocation of carriers was obtained. L-T3 may act ivate the glucose 
transporter by increasing its accessibi l i ty in brain ceils. ® ~98~ Aoademic P . . . . .  ~r,o. 

Data from our laboratory showed that pr imary cultures of rat brain astrocytes 

maintained in the absence of 3, 5, 3 '- tr i iodo-thyronine (L-T3) exhibited low rates of 

uptake of 2-deoxyglucose (I). The addit ion of L-T3 to the def ic ient cells quickly (in 

minutes) restored uptake rates to those observed in control cells. The rapidi ty of the 

e f fec t  indicated that synthesis of new carr ier protein would not account for this act ion 

of L-T3. Rather, the mechanism may involve translocation of exist ing glucose 

transporters to more available sites as proposed for the ef fect  of insul in on adipocytes 

(2-0) and diaphragm (5,6) and for L-T3 action on thymocytes (7) and cardiac ceils (8). 

A l ternat ive ly ,  L-T3 may act ivate glucose tranporters residing in the brain cells plasma 

membrane. To fur ther investigate the mechanism of L-T3 action in brain cells, 

cytochalasin B binding was used to detect glucose transporters in control, L-T3 deficient, 

and L-T3 replenished rat brain astrocytes. Since saponin has been shown to increase 

permeability of plasma membranes (9) and has been used effectively to distinguish 

plasma membrane-associated from intracellularly-located Ca++-pump mechanisms (10). 
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we employed this agent to aid in del ineating the mechanisms of L-T3 action. In addition 

to in t ac t  cells, plasma and Golgi membranes  isolated from the astrocytes  were also used 

for these binding studies.  

MATERIALS AND METHODS 

Cell  Cultures and Treatments  
Pregnant  rats of the Sprague-Dawley strain were obtained from Zivic Miller 

Laboratories (Allison Park, PA, U.S.A.). They were mainta ined in a faci l i ty  accredi ted 
by the American Association for the Accredi ta t ion  of Laboratory Animal Care in s t r ic t  
accordance with USDA regulations and NIH guidelines. 

Brains were removed from I to 2 day-old pups and astrocytes  prepared as 
previously described (I). The cells were plated in 35 mm dished (9 dished per brain) and 
incubated at 37°C in an atmosphere of 95% air-5% CO2, with 90-95% humidity. The 
cul ture medium was replaced af ter  3 days; a f te r  an additional 3 days, medium containing 
10% feta l  calf  serum was used and replaced twice weekly thereaf ter .  Thyroid hormone- 
def icient  cells were prepared by changing the medium to one containing thyroid- 
hormone-free  serum prepared by an anion-exchange method (I 1). Some of the cells 
grown in L-T3-def ic ient  serum were incubated with 50 uM L-T3 for 10 minutes e i ther  
prior to cytochalasin B binding measurement  or before isolation of the membrane 
fractions.  

Plasma membranes were isolated from these ceils as follows: plated cells were 
washed 3 t imes with phosphate-buffered saline (PBS) and then TES buffer (10 mM TrIs- 
HCI, 5 mM EDTA, 0.32 M sucrose, pH 7.t~) containing 2~ m units of Aprotinin per ml was 
added (1.0 ml per 35 mm dish). Cells were harvested by scraping the dish with a rubber 
policeman and homogenized for 2 minutes using a motor-driven teflon pestle in an ice- 
jacketed tube. Nuclei and cell debris were removed by centr i fugat ion at 250 x g for 5 
minutes .  Plasma membranes were obtained from the result ing supernatant  by 
centr i fugat ion at 13,000 x g for 10 minutes.  Golgi membranes  were pelleted from the 
post 13,000 x g supernatant  by spinning at 100,000 x g for 30 minutes.  The membranes 
were gently resuspended in 0.32 M sucrose and aliquots of each used to determine 
cytochalasin B-binding. In some experiments ,  the plated ceils were permeabil ized by 
incubat ion in the presence of saponin (0.0025%) for 10 minutes at room tempera ture  prior 
to assay. 

Measurements 

Glucose binding sites were detected in suspensions of the membrane preparations 
and in plated cells using the cytochalasin B binding method (2,12). Sil iconized glassware 
and.pipet tips were used throughout the procedure. Cytochalasin B (approximately 
I0 -~ M was dissolved in 100% ethanol and the molar i ty  determined by absorbance at 210 
nm. Various dilutions of this stock solution were mixed with JH -cytochalasin B, 
evaporated to dryness under N 2 and di luted in the appropriate volume of H20. Each of 
these solutions was used to prepare 2 reaction mixtures, one with and one v~ithout D- 
glucose. A l l  other components were prepared in TES buffer (10 mM Tris HCl, 5 mM 
EDTA and 0.32 M sucrose). The f inal  mixtures contained 3H -cytochalasin B 
(concentrations ranged from 1.67 x 10 -5 mM to 8 x I0 -g raM), 2.1 uM cytochalasin E and, 
ei ther 500 mM D-glucose or TES buffer. A l l  samples were pre-incubated with 2.1 uM 
cytochalasin E for I0 minutes at 0 ° to suppress cytochalasin B binding to non-D-glucose 
inhibi table sites (2). 

For plated cells, I ml of each react ion mixture (containing the same f inal  
concentrations of components as for membrane assays) was added to t r ip l icate samples 
(35 mm dishes) which were then incubated for I0 minutes at 0°C. The reaction mixture 
was then removed by suction, and the ceils were washed 3 t imes with PBS. Af ter  drying 
the cells were dissolved in 1.5 ml of 0.I M NaOH. An aliquot (0.5 ml) was t ransferred to 
a sc int i l la t ion vial, and I drop of glacial ace t ic  acid plus g.5 ml of fluor was added. The 
radioact ivi ty  was determined in a liquid scint i l la t ion spec t rometer .  
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When binding was measured using isolated membrane  preparations~ 500 ul of each 
suspension was j~re-incubated with 40 ul cytochalaSin E (final concent ra t ion  = 2.1 uM) for 
I0 minutes at 0vC. Two aliquots (250 ul each) were mixed with 200 ul of ei ther  D- 
glucose or TES buffer and then distribqted into 4 cellulose propionate tubes (100 ul per 
tube). The various concentra t ions  of ~H -cytochalasin  B (40 ul each) were added and 
the samples incubated for 30 minutes at O°C. Samples were centr i fuged in a 42.2 Ti 
rotor in a Beckman model G; plasma membrane  samples were spun at 20~000 rpm for 30 
minutes and Golgi membrane  samples at 42~000 rpm for 2 hours. Two aliquots (50 ul 
each) of each superna tant  were t ransfer red  to scint i l la t ion vials for de terminat ion  of 
free 3H -cytochalasin B. To each aliquot was added 110 ul of a 1:5:5 mixture of 7% 
acet ic  acid~ H20 and 0.2 M NaOH plus 50 ul of glacial ace t ic  acid and 4.5 ml of fluor. 
The remainder  of the supernatant  was careful ly removed by suctioning and discarded. 
The pellet  was dissolved in 50 ul of 0.2 M NaOH with vortexing and incubat ion in a 
shaking water bath for 1 hour at 55°C. The ent i re  tube was t ransfer red  9 with inversion~ 
to a scint i l la t ion vial~ 60 ul of a 5.'1 mixture of H90 and 7% acet ic  acid plus 50 ul of 
glacial ace t ic  acid and 4.5 ml fluor were added. "Radioactivity was determined in a liquid 
scint i l la t ion spect rometer .  

Protein contents  were determined by the method of ei ther  Lowry et  al. (13) or 
Smith e t  al. (14). 

RESULTS 

Fig. I is a typical  curve for D-glucose inhibitable~ non-cytochalas in  E~ cytochalasin 

B-binding with increasing concentra t ions  of the 3H-labeUed ligand in rat brain 

astrocytes.  Transformat ion of the data to a Scatchard plot (INSET) yielded a l inear 

• • , • , • i - , • , • 

2 

Bound (pmols/mg protein) 
I i i i 

0.20 0.40 0.60 0.80 1.00 

t- 

C) 

.o 
¢-~ 

E 
o 
E 
El. 

8 

7 -  

6 -  

5 '  

4 '  

3" 

2" 

1 

0 
0.0~ 

Fig. I 
[cytochalasin B]-~tM 

Cytochalasin B-binding in primary cultures of rat brain astrocytes. 
Cells plated on 35 mm dishes were pre-incubated with 2.1 uM 
cytochalasin E for ~0 rain at 0°C and then incubated in various 
concentrations of ~H -cytochalasin 13 (Specific activity approximately 
900 DPM per pmol) for 10 rain at 0°C. Radioactivity and protein 
content were determined in separate aliquots of ceils from each dish 
after dissolving in 0.1 M NaOH. Inset shows transformation of the data 
to a Scatchard plot. 
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Fig. 2 
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Effect of L-T3 deficiency and replenishment on cytochalasin B-binding 
in intact (11) and saponin-treated (1~1) rat brain astrocytes. Ceils were 
plated and maintained in medium with complete serum for 7 days. L-T3 
deficient cells were prepared by changing the serum in the medium to 
thyroid hormone-free serum for 6 days. L-T3 (50 uM) was added to the 
medium of half of the deficient ceils for 10 minutes prior to exposure to 
saponin (0.0025% for 10 rain at room temperature). Subsequent 
determination of cytochalasin B-binding was carried out by incubation 
in cytochalasin E and 3H -cytochalasin B (0.167 uM) as described in 
Fig. 1. Vertical bars represent SEM; N = 3 per group. 

relat ionship (r = 0.95) with values for kinet ic  parameters  e s t ima ted  to be 300 pM for Kd 

and 9.g pmol /mg protein for Bmax. 

The cytochalasin B-binding assay was carr ied out in plated control ,  L-T3 def ic ient  

and L-T3 replenished ceils using a single concentra t ion  of the ligand (0.167 uM); other  

concentra t ions  of the ligand yielded essent ia l ly  the same pat tern  of r e s u l t s .  Data were 

obtained on both unt rea ted  and saponin- t rea ted  cells. The results  are summarized in Fig.  

2. In control  cul tures ,  exposure to saponin was accompanied by an increase in 

cytochalasin B-binding of about 60%, suggesting that  a large portion of the glucose-  

binding sites were made more accessible  by this t r e a tm en t .  In L-T3-def ic ien t  cells,  

there was a loss (g0%) of binding. Saponin t r e a t m e n t  increased access ibi l i ty  of glucose 

binding sites in L-T3 def ic ient  ceils (more than 3-fold). However ,  the level  was less than 

in saponin- t rea ted  controls,  suggesting a decrease  in total  numbers of t ransporters  due to 

L-T3 deficiency.  In the third group of exper iments ,  when L-T3 was added to the cells for 

l0 minutes prior to the assay, there was an increase  in binding and the level  achieved was 

essent ia l ly  the same a f t e r  saponin t r e a tmen t .  

In order to de termine  whether glucose binding sites were associated with Golgi 

membranes  and whether  the absence of thyroid hormone in the cul ture media a f fec ted  

their  distribution be tween plasma and Golgi membranes,  cytochalasin-B binding was 

de te rmined  in membranes prepared from control ,  L-T3 def ic ient  and L-T3 replenished 
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TABLE 1 
Cytochalasin B-Binding to Plasma Membranes and Golgi Preparations 

From Rat Brain Astrocytes 

Group N Plasma Membrane Gol~i 
Control ~ 2.78 ± 1.10 0 
T3-Deficient 3 0.07 ± 0.07 0 
T3-Deficient + T 3 tt 2.10 ± 1.34 0 

Ceils were prepared as described in the Methods section and for Fig. 2. Ceils were 
harvested and homogenized; the plasma and Golgi membranes were obtained as the 
13,000 x g and 100,000 x g pellets from the post 250 x g supernatant and used in a 
cytochalasin B-binding assay as described under Methods. Results are expressed as mean 
pmol/mg protein ,  SEM. 

cells. Table I shows that  binding to the plasma membrane  was markedly reduced in T-3 

def ic iency and was essent ial ly res tored when L-T3 was replaced.  HoweveG no net 

binding in the Golgi membrane  preparat ions was de tec tab le  within the l imits  of this 

assay. 

DISCUSSION 

The data obtained using the cytochalasin B-binding assay in cul tured rat  a s t rocy tes  

showed saturable binding of the ligand and yielded a single-slope plot when t ransformed 

for Scatchard  analysis (Fig.l) .  The applicat ion of this technique to cul tured ceils should 

be useful for studies on the development  and regulat ion of the glucose t ransport  system 

in spec i f ic  cell  types tha t  can be grown in v i t ro  and exposed to various potent ia l  

e f f ec to r s .  

As t rocy tes  cul tured in L-T3 def ic ient  media showed less binding of 3H-cytochalasin  

B than control ceils  maintained in comple te  media.  This agrees with the e f f e c t  of L-T3 

def ic iency on the uptake of 3H -2-deoxyglucose in these cells previously repor ted  from 

our laboratory (1). Fur the rmore ,  the 10 minute exposure of the def ic ien t  cells  to L-T3 

increased binding to 75% control  levels.  The previous study (1) showed that  the uptake of 

2-deoxyglucose was equal  to or g rea te r  than tha t  of controls  when the L-T3 def ic ien t  

cells were replenished with L-T3 for only 60 seconds. Thus, cytochalasin  B-binding was 

not as cornpletely res tored  as uptake rates.  Similarly,  in fa t  cel ls  of d iabet ic  rats,  the 

insul in-s t imulated increase in uptake of 3-0 methylglucose exceeded the increase in 

number of cytochalas in  13 binding sites (15). These and other  studies may indicate  t ha t  

t he re  are 2 forms of the t ranspor ter ,  of which only I is t rans loca ted  (15, 16). These 
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workers and others (17) have proposed that the st imulat ion of glucose transport by insul in 

in insulin-responsive tissues is a 2-step process involving both recrui tment of inact ive 

glucose transporters to the plasma membrane and act ivat ion of the carr ier i tself .  Our 

data on L-T3 action in brain cells are consistent with act ivat ion of the glucose 

transporter by the hormone, and fur ther  suggest that translocation of carriers from a 

sub-cellular site such as Golgi is not involved in this process. 

The results comparing the cytochalasin B-binding in in tac t  and saponin-treated 

cells suggest that a portion of the glucose binding sites on the plasma membrane of 

astrocytes may be unavailable to, or in some way "protected" from, the substrate. When 

L-T3 was added to thyroid-homone-def ic ient cells, there was an increase (greater 

accessibil i ty) of glucose binding sites. The dif ference in binding between in tact  and 

saponin-treated cells (an estimate of "protected" sites) indicated that L-T3 

replenishment had made most of these sites accessible to cytochalasin B. The 

mechanism involved may be similar to that proposed by Karahasanoglu et al (18) for the 

increased avai labi l i ty  of dopamine beta hydroxylase in the presence of acetylchol ine in 

brain. These workers showed that t reatment with a detergent increased the ac t iv i ty  of 

the enzyme to the same level seen af ter  addition of the neurotransmitter.  

The in i t ia l  steps in the interact ion of L-T3 with these brain cells are unknown. The 

binding of L-T3 to its receptor on thymocyte plasma membranes seems to be funct ional ly  

important to the action of the hormone in increasing 2-deoxyglucose uptake in these cells 

since mild t rypsin- t reatment which did not af fect  basal uptake rates, produced dose- 

dependent decreases in both L-T3 binding and L-T3 stimulated 2-deoxyglucose uptake 

(7). Thyroid hormones bind to plasma membranes of cells in several tissues (19), but at 

present, no data are available to indicate a similar receptor system for L-T3 on the 

plasma membrane of brain cells. 

Information about the glucose transporter and its regulation has been fac i l i ta ted by 

the determination of its sequence and structure and the model proposed for its 

or ientat ion in the plasma membrane by Mueckler et al. (20). The high degree of 

homology for the glucose transporter protein between species and among tissues (21, 22) 

suggests that uniqueness of funct ion is regulated by specif ic effectors that inf luence 

recrui tment of the carr ier molecules and/or their act ivat ion. These effectors may be 
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hormones or intermediates generated in the cascade of events that  follow interaction of 

the hormone with its receptor. On the basis of data from the present study, we propose 

that ,  in brain tissue, L-T3 may signal cellular events that promote an increased 

accessibility of glucose binding sites, perhaps by an activation or shift in the orientation 

of the glucose transporter  in the plasma membrane. 
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