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 Fig  .  1  SCHEME OF  THIAMINE METABOLIC  PATHWAYS IN  MIN









Table

SUBCELLULAR DISTRIBUTION OF  THIAMINE TRIPHOSPHATASE ACTIVITY IN RAT BRAIN

 Membrane-associated Soluble 

                                                        -            

- Specific Percent of Specific Percent of 

 activitya) total activity  -  activitya) total activity 

Nuclei 0.94 26  ' 0.65  15 

- Mitochondria 0.44 41 0.50'37 

- 

 Microcosms 0.75 27 . 0.86 25 

Supernatant 0.17 4 1.06   23 

  a) p moles  Pi/mg protein/h



Table 2 Subcellular distribution of  protein, DNA,  RNA 

            and  succinate  dehydrogenase  activity in rat brain 

  •  

 Succinate 
      Fraction Protein DNA  RNA d

ehydrogenase 

            (t) (%)  :  (t) . • 

 Nuclei  1S 97 31  . S 

 mitochondria  48 2 26  SO 

 microsomos 19 0  29  . 3 

    Supernatant  ' 14  - 1 27 10

Table 3  Subcellular distribution of  thiamine  triphosphatase 

             activity in rat liver 

 Fraction  Membrane-associated Soluble 

               Specific % of total Specific  %  of total 
 activity* activity  activity* activity  

 Nuclei 0.99  ' 28 0.72  29 

 Mitochondria 0.98 47 0.38 27 

 Microimages 0.62 15 0.43 14 

 $up.  0.15 10 0.66 31 

 *pawls'  Pi/mg  protein/1s

 -  8  -



 Table 4  Subcellular distribution of thiamine  diphosphatase 

             activity in rat brain 

     Fraction   TDPase  

                      Specific activity' Total activity  (%)  

     Nuclei 0.61 13 

 Mitochondria 0.35 34 

 Microsomes 1.11 42 

    Sup. 0.20 6 •  

                           *  p  moles  Pi/mg protein/h 

Table 5  Subcellular distribution of  thiamine  diFh**Phatas* 

                activity in rat liver 

        Fraction  TDPase 

                           Specific  activity'  Total activity  (%) 

 Buclei 0.47 10 

 Mitochondria  1.37 50 

 Mierosomes 1.85  33 

 Sup, 0.29 7 

                                  *  Ft  moles  Pi/mg protein/h







 Fig. 2  =Pane  activities  at  various yg



 Fig. 3  Microsocal  uucleoaide  triphosphatase activity  aA  various  pH



 Table 6 SUBSTRATE SPECIFICITY  Of  PARTIALLY  PURIFIED 

 SOLUBLE  TIPASE 

                     Specific activity  (0) 
 Substrate 

 (u  moles  Pitagprotein/h) - 

     TTP 9.79 100 

 ITP  -  0 0 

 GTP  s 1.27 13 

   mP  '0 0 

                                                                                                                                                                         • 

 ATP 0.39 

 TTP and  various  nucleotides (3  sH)  were  used 

 as  substrates.'



Table  7Identification of the products of the microsomal TTPase reaction 

 Tine  Pi liberated  TDP•formed TMP formed 

       (min)  (p moles/mg protein)  (u moles/mg protein) (u moles/mg protein) 

pH 6.5                                                                               * 
  30 0.34  -0.41 N.D. 

                                                                                    * 
  60 0.63 0.70N.D. 

 p8  7.8 
  30 0.43 0.48 0.04 

  60 0.88 0.90 0.08 

        Not detected  (*0.005)



 Fig. 4  .  latent of  cir  and  Ile  concentrations on brain  YEPase  activity  in  vitro 

               ILICX288882.  .  §oluble  
 0.3 0.4 

                                                                                    • 
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              • 

       • • 
 0.2 

    at 0.1 $L. 
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        0  1  2  3  4  5  0 2 4 6 8 
                                    Ion  COIM.  Asa) 

                                Je—Kos":



 Fig. 5 Effect  of  Ca++,  Mg++  and  Nn"  concentrations on 

                       brain  microsomal  TEPase activity  in vitro



 Fig. 6  Lineveaver-Bark  plots of  nicrosonal  TTPaae activity 

 against TTP  concentration

Fig. 7

















 Tab  le 8 

 THIAMINE TRIPHOSPHATASE ACTIVITYA) IN BRAIN AND  LIVER OF NORMAL.  PAIR-FED AND 

 THIAMINE-DEFICIENT RATS 

         Brain  Liver 
                21 • Soluble  Membrane-associated Soluble  Membrane-associated 

 Normal 7 1.20  * 0.03 0.53 0.02 0.47  * 0.03 0.84  2 0.06 

Thiamine- 4 1.37  *  0.07,1*/1) 0.43  *  0.01,,,,,c) 0.43 0.03 1.07 0.15 
 deficient 

Pair-fed 4  1.14 0.06 0.46 * 0.06 0.43 * 0.01 0.83 * 0.09 

 Thiamine-def. 
 + thiamined) 2  0.970.46 0.41 0.90 

• 

  a)  u  moles  Pi/m9  Protein" 

  b)  P<0.01,  compared to  pair-fed 

 c)  P<0.01,  compared to  normal 

  d)  Thiamine  -11C1 (4  mg/kg,  s.c.), 3  h before



Fig. 8 

 Glucose tolerance of 

normal  (o), pair-fed  (X) and 
thiamine-deficient rats (0) 

*  P<0.05 **  P-040.01



Fig. 9 

 Effect of insulin  on the 
blood glucose  level of 
normal  (0), pair-fed (x) and 
thiamine-deficient rats  (0) 

 Insulin, I i.u./kg, i.p. 
*  P<0.05 **  P<0 .01

 Fig. 10 

Effect of tolbutamide on 
the blood glucose level of , 

 normal  (o), pair-fed (x) and 
thiamine-deficient rats  (0 

 Tolbutamide,  40 mg/kg, i.p. 
 *P0.05  **  P‹:  0.01



Fig.  11 

Effect of  tyramine  on 

glucose tolerance of 
thiamine-deficient  rate 

 -4- Thiamine-deficient 

 -o-  * + tyramine 
 -xr. Normal +  tyramine 

 Tyramine, 10  mg/kg, i.p. 
 *  P<0.01



 Tab  le 9 

        EFFECTS OF INSULIN AND STARVATION  ON  THIAMINE TRIPHOSPHATASE ACTIVITYA) 

           Brain Liver 
    Treatment 

 Soluble  Membrane-associated Soluble Membrane-associated 

   Untreated 7 1.20  t 0.03 0.53  t 0.02 0.47  t 0.03 0.84  t 0.06 

    Insulinb)  7 1.17  t 0.03 0.50  t 0.02 0.56  t  0.05 0.93  t 0.09 

 /nsulinc)                    7 1.40  t 0.11 0.49  t 0.03 0.55  t 0.02 0.79  t 0 .03 

    Starvation, 48 h 4 1.04  t  0.08 0.54  t 0.02 0.44  t  0.01 1.08  t 0 .06 

 a)  p moles  Pi/Mg protein/h 
 b) Insulin (5 i.u./kg,  i.p.), 3 h 

       c) Insulin (5 i.u./kg,  i.p.), 5 h



Table 10 EFFECTS OF DL-NETHAMPHETAMINE.  RESERPINE AND  CHLORPROMAZINE ON  MAIM 
            ACTIVITIESA)  IN  BRAIN 

 Bauble  Xicrostaal 

         Exp. (A)  Control. 0.91  * 0.02 (9) 0.75  * 0.03  (5) 

 OL-methamphotasdneb) 1.10 *  0.04**(4) 0.77 * 0.03 (5) 

                   Ressrpinec) 0.96 * 0.03 (5) 0.7* * 0.02 (5) 

 lzp.  (8) Control 0.90 *  0.0• (5) 0.72 0.03 (9) 

                      Chlorpromazined) 0.93 * 0.03 (5) 0.73 * 0.05 (1) 

 Chlorpromazine.) 0.86  *  0.10 (4) 0.61  *  0.03* (4) 

              a)  Activities are expressed  se  p  moles  Pi/mg  protein/h. 
              b)  DL-Methamphetandne (10  ag/kg i.p.), 1  h before sacrifice 

              c)  Reserpine  (2.5  sig/kg i.p.), 4 b  before decapitation 
             d)  Chlorpromazine (25  mg/kg  e.o.)  • 90  ado before  sacrifice 

              e) The  same dose of the drug was  administered 3 tines at  24 h  intervals. , 
 Animals were decapitated 90  min. after the last  injection. 

 *P<0.05,  **1140.01





Table  11  Affect of  various  compounds  os  sierososal  Mine  soiiviti 

           Addition  (168)   Ittass  

• 

 Specific  sotivite/  (0) 
 Won. — 0.71 100 

 Acetylchollso 1.0 0.74 104 

 leradrenalins 0.5  0.71  200           

-  Tyrosine 1.0  0.45  92 

 Colobisiso 1.0 0.60 84 

 Diphonyl.; 
           hydantoia 1.0 0.71 100. 

 s)  posies  litsgpronoinA



 Fig  . 12  Moot of  chlorpronasine  on  brain-SW*2a and 
 Ha+-le-1112Pare  activities  j  vitro



 Fig. 13  effete  of  iniprottne  ea  broth  Tame  sad 
 Itet^legefreee  activities  la vitro

 Fig. 14 
                    effect of  deetecettirie  en  brain  =Paso  and 

                      Witeteelkete activity La Litre



Table  12  Chlorpromazine-induced  Inhibition of  aicrosoaal 

 TTPase  activity 

                CPZ canon.  Relative activity (%)  
 (mR)  Re-TTPase  Ca*-TITase 

 0 100 a) loo al 

        0.25 83 100 

       0.50  73 98 

       1.00  39  84 

 a) Control activity 
 Re-TTPktee,  0.80  p  poles  Piiag  protein/1s 

 CO-17Paso,  0.98 p  moles  Pi/mg  protein/h



 Fig.  15  Effect of  'chlorpromazine  on  microsomal  TrPaae  activity



Table 13                  E
FFECT OF VARIOUS SUBSTANCES ON BRAIN MICROSOMAL 

 VASE  ACTIVITY 

 =CU.  S of  control 

 DipaeityThydsatoin 1.0  (MMO                                                  104 

 Imipramtaa 0.5  83 

 Dealpramias 0.5 93 

     CPS 0.5 260 

 Acstylobolias 1.0 98 

 Phyaoatigadoe 1.0  f 99 

 ACh +  Physoatispiaa 1.0  98 

 Tyrailas  1.0 109 

 Colchiciala 1.0 102 

 4-ethyl-aaloialde 0.1 61 

                 1.0 53 

 Pentobarbital 1.0 91 

 Methyl  alcohol 5.0  Win) 95 

                   10.0 58 

 Ethyl  alcohol  2.S 93 

                 5.0 70 

                   10.0 35

 Fig.  16 EFFECTS OF CHLORPROMAZINE.  IMIPRAMINE AND DESIPRAMINE 
                 ON  NICROSOMAL  TWASE ACTIVITY



 Fig. 17 

Effect of  chlorpromazine 

on  microsomal TDPase 
activity

















 Fig.  18  Effect of acetone  traataent on  rat brain  eicronomal 

 ?Mae and  Mane  activities



 Fig. 19 

 Linewsaver  -Murk  plots  of  T/Peze  activities  of  (1)  microsomes  end  (2) mierosomal 

acetone powder in  the  presence  or  absence  of  chlorpromazine  in  rat brain





Fig. 20 

        EFFECT OF SODIUM  DEOXYCHOLATE ON MICROSOMAL  TTPASE 

       AND TTPASE ACTIVITIES

Table 14 Effect of sodium deoxycholate on TDPase and TTPase activities 

               in acetone-treated microsomes 

     Addtion TDPase  TTPase  

                                  activity*  (S) activity*  (%) 

     None 4.04 100 0.32 100 

          Deoxycholate (0.02  W/v%) 2.40 59 0.31 97 

                                         * p moles  Pi/mg protein/h



 Pig.  21  Effects  of  chlorpromazine  and  sodium  desoxycholate on brain 
 microsomal  TDPase activity after  various  treatments



















Fig. 22 

 ATPaaa  atetlyttias  in  rat  brain  Mammon



 Table  15  :  Eff
ects of  thiamine derivatives on  ATPase  activity 

                 in rat brain  microsomes 

 Addition  Ca!,ATPase  MitATPase  101:-RtATPase 

 Iona  a)  100 100  .100 

 Thiamine 83 97 104 

 Pyrithiamlne 79 79  110 

 TIP 79 97  108 

     TDP 64 93 103 

     TTP •  50  100  un 

                 Thiamine  compound;  1  mil 
                a) Control activity  (p.  moles  Pi/mg  protein/10min): 

 CgtATPase, 1.15  *  0.13;  MgrATItee, 2.15 * 0.22; 
 RZeATPase, 14.9 * 1.40

Fig. 23 
                  Inhibition of CgtATPase by  TTP



                LINEWEAVER-BURK PLOT  OFCe++-AWASE  Fig . 24





 Fig'  25  effect of  CaCl% on  Mese  activity of  DOC-treats:  siorogonee



 Tab  le 16 

    EFFECT OF  TTP  ON  141-1--Ca7147ATPASE ACTIVITY IN RAT BRAIN  MICROSONES



Fig. 26 

     EFFECT OF  TTP ON  N9'-Ca -ATPASE ACTIVITY AT VARIOUS 

     CONCENTRATION OF  Ca++
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Glucose intolerance in thiamine-deficient rats

              H. IWATA, A.  BABA, T. BABAt AND T.  NISHIKAWAtt 

Department of Pharmacology, Faculty of Pharmaceutical Sciences, Osaka University, 
                       Toyonaka, Osaka, Japan

The mechanism of glucose intolerance in thiamine-deficient rats has 
been examined. Deficient rats showed marked glucose intolerance. 
However, the hypoglycaemic effect of insulin (1 i.u. i.p.) was 
similar in the deficient, pair-fed and normal groups, though somewhat 
weaker in the normal group than in the other two groups. After 
injection of tolbutamide (40 mg  kg-1, i.p.), the hypoglycaemic effects 
in the three groups were the same. Tyramine (10 mg  kg-1, s.c.) 
restored the impaired glucose tolerance of deficient rats to normal, 
but not that of alloxan diabetic rats. Furthermore, tyramine did not 
restore the intolerance of deficient rats pretreated with alloxan. 
These results suggest that the main factor causing glucose intolerance 
in the deficient rats may be suppressed insulin secretion.

Previously, we observed that thiamine-deficient rats showed alterations of adrenergic 
mechanisms (Iwata, Fujimoto & others, 1968; Iwata, Nishikawa & Fujimoto, 1969; 
Iwata, Watanabe & others, 1969; Iwata, Nishikawa & Watanabe, 1969;  Iwata, 
Nishikawa & Baba, 1970; Iwata & Nishikawa, 1970; Iwata, 1972). In these reports, 
we suggested a relation between depressed adrenergic mechanisms and disturbance of 
nervous function in the deficient rats. 

 On the other hand, it has been reported that deficient rats show decreased tolerance 
to dextrose (Lepkovsky, Clarence & Evans, 1930; Pachman, 1941), and that the 
concentration of insulin-like substance in the serum of deficient mice is abnormally 
low (Machida, 1956). But the mechanism of these disturbances is not clear. Further-
more, it is well known that adrenergic mechanisms are involved in the regulation of 
insulin secretion from the pancreas. Accordingly, the mechanism of glucose intoler-
ance in deficient rats was investigated.

                      MATERIALS AND METHODS 

 The animals and the methods used to obtain thiamine-deficient, pair-fed and control 
rats were reported previously (Iwata & others, 1968). Deficient rats were used when 
the heart rate was reduced to below 70  % of the normal rate (about 350 beats  min-1). 
Alloxan diabetic rats were obtained by withholding food from rats,  ,--250 g, for 2 days, 
alloxan (160 mg  kg-1, i.p.) was given on the second day. The rats were used 3 days 
later when the blood glucose level was over 400 mg  dl-1. With deficient rats, food 
was removed when the heart rate was about 420 beats  min-1, these animals were 
treated with alloxan in the same way as normal rats. The heart rate of these animals 
before decapitation was about 300 beats  min-4. The acute mortality rates of alloxan 
diabetic and alloxan  -I-- thiamine-deficient rats were 11 and 21 %, respectively. The 
concentration of blood glucose was measured by the anthrone method. Glucose 
tolerance was measured as the change in the blood glucose level after intraperitoneal 

 t Present address: Department of Physiology, Medical School, Osaka City University, Abeno, 
Osaka, Japan.  ft  f Present address: Department of Pharmacology, School of Dentistry, Hiroshima 
University, Kasumi, Hiroshima, Japan.
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administration of 2 g  kg--1 of glucose. Statistical significance was calculated using 
Student's t-test. Tolbutamide was suspended in  0.5  % carboxymethylcellulose. 
Insulin, tyramine and alloxan were dissolved in  0.9  %  NaCl. 

                              RESULTS 

Glucose tolerance in thiamine-deficient rats 

 The glucose tolerance test was performed on normal, control, pair-fed and thiamine-
deficient rats. A specific change of the blood glucose curve was seen in deficient rats , 
as shown in Fig. 1. In these animals the maximum level was about 300 mg  d1-1- and 
the level remained high for about 30  min and did not return to the initial level within 
3 h. Other groups did not exhibit any significant increase of the blood glucose level 
except for controls which showed a slight increase 30  min after glucose injection.

 FIG. 1. Glucose tolerance of normal (0 0), pair-fed  ( x —  x  ), control  (P—A) and 
thiamine-deficient rats  (*-10). Glucose (2 g i.p.) was loaded at 0 time. Each point 
represents the mean (± s.e.) of 6 to 10 observations. The statistical significance is calculated with 
respect to the corresponding value at 0 time.  *P  <0.05; **P  <0.01.

 FIG. 2A. Effect of insulin (1 i.u.  kg-1, i.p.) and B. tolbutamide (40 mg  kg-1, i.p.) on the blood 
glucose level of normal (0-0),  pair-fed  (x—x) and thiamine-deficient rats  (®—®). 
Each point represents the mean (± s.e.) of 4 to 6 observations.  *P  <0.05;  **P  <0.01.
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Hypoglycaemic effects of insulin and tolbutamide in thiamine-deficient rats 

 Next, to test the insulin response of deficient rats, the blood glucose level was 
examined after insulin injection (1 i.u.  kg-1, i.p.) (Fig. 2A). The action of insulin in 
deficient rats was similar to that in pair-fed rats, though it  .was somewhat less in 
normal rats than in the other two groups. To investigate the hypoglycaemic action 
of endogenous insulin in these animals, the effect of tolbutamide was examined (Fig. 
2B). After tolbutamide injection (40 mg  kg-1, i.p.) the blood glucose level reached a 
minimum level in normal and pair-fed rats within 30 to 60  min, while in the deficient 
rats, the minimum level was only reached after 2 h, though it was the same as in the 
other two groups. 

Effect of tyramine on glucose intolerance in thiamine-deficient and alloxan diabetic rats 

 Tyramine (10 mg  kg-1, s.c.) did not cause any change in the basal glucose level in 
deficient or normal rats after 3 h. Moreover, it did not  Cause any change in the glu-
cose tolerance of normal rats but it restored the impaired glucose tolerance of deficient 
rats (Fig. 3).

 FIG. 3. Effect of tyramine on the glucose tolerance of thiamine-deficient rats. Thiamine-
deficient  (0-0), thiamine-deficient tyramine (0 0), normal + tyramine  ( x—  x). 
Tyramine (10 mg  kg-') was administered 3 h before glucose. Each point represents the mean of 
5 observations.  *P  <0.05. 

Table 1. Effect of tyramine on glucose tolerance of  alloxan diabetic rats.

Blood glucose level (mg  dl-')

        Time after glucose 

Normal 
 Untreated 

 Alloxan 
 Alloxan tyramine 

Thiamine-deficient 
 Untreated 

 Alloxan 
 Alloxan tyramine

0  min

 125  ± 2 
455  ± 41 
432  ± 39

 137  ± 7 
 479  ±  41 

410  + 47

30  min

141  ± 16 
750  + 58** 
605  + 37**

235  ± 14** 
622  + 52* 
667  + 87*

 Tyramine (10 mg  kg-1) was administered 3 h before glucose. Alloxan diabetic rats were pre-
pared as described in the methods. Each value represents the mean  (±s.e.) of 4 observations. 
Statistically significant differences between values at 0 and 30  min at levels of P  <0.05 and 
P  <0.01 are indicated by * and **, respectively.
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 Alloxan diabetic rats exhibited a high level of blood glucose and marked glucose 
intolerance, which was not restored by tyramine (Table 1). As shown in Fig. 3, 
tyramine restored the impaired glucose tolerance of deficient rats but this restoration 
was no longer observed when the deficient rats had been treated with alloxan.

                             DISCUSSION 

 Thiamine-deficient rats showed a characteristic blood glucose curve in the glucose 
tolerance test, with a high peak level, delay in the time of the peak and slow recovery 
to the initial level. This indicates that they have remarkably impaired glucose 
tolerance. This observation agrees with those of others (Lepkovsky & others, 1930; 
Pachman, 1941). These workers reported that the poor glucose tolerance of deficient 
rats was observed irrespective of whether the sugar was given orally, intravenously or 
intraperitoneally. This eliminates the possibility of impaired intestinal absorption 
of sugar in these animals. 

 Our result showing that hypoglycaemic actions of insulin in deficient rats were 
similar to those in other groups suggested that in deficient rats the sensitivity of target 
organs to insulin is the same as in the other two groups but that insulin release from 
the pancreas is disturbed. This postulation was supported by the experiment with 
tolbutamide, which is known to cause insulin secretion (Coore & Randle, 1964). 
Furthermore, the fact that thiamine deficiency had no further effect in impaired glu-
cose tolerance in diabetic rats may also support this postulation. In deficient rats 
which had been treated with alloxan, tyramine did not restore the impaired glucose 
tolerance. However, as thiamine deficiency had no further action in impaired glucose 
tolerance in alloxan diabetic rats, the implication of this result is not clear. 

 Previously we have shown sympathetic tone is to be depressed in thiamine-deficient 
rats (Iwata & others, 1970). Tyramine was found to improve the bradycardia in such 
rats and this action may be mediated through release of catecholamines (Iwata, 
Watanabe & others, 1969). In the present work we have found tyramine to improve 
the glucose tolerance of deficient rats. It is possible that this effect of tyramine is due 
to some action in improving insulin secretion or increasing the effectiveness of endo-

genous insulin. These may be direct actions of tyramine or secondary to the effect 
of the drug in correcting the impairment of sympathetic nerve function. It is possible 
that improvement of the efficiency of an impaired blood circulation, for example, due 
to correction of bradycardia, may explain the beneficial effects of tyramine in thiamine-
deficient rats.
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    Abstract—The properties of soluble and microsomal thiamine triphosphatase (TTPase) 
    in rat brain were examined. The subcellular distributions and the pH optima of 

    these enzyme activities differ markedly.  TTPase seems to be distinct from a general 
    nucleoside triphosphatase. The TTPase activities have an absolute divalent cation 
    requirement which is fulfilled by  Mg++ or  Ca++ in microsomes and by  Mg"', but 

    not  Ca-", in the soluble fraction. Addition of a physiological concentration of  Ca++ 
    markedly inhibited the soluble TTPase activity. 

   von Muralt (1) first suggested the specific involvement of phosphorylated thiamine 

in nerve conduction. In support of this it has been demonstrated that neuroactive agents, 

at concentrations affecting conduction, caused release of thiamine from nerve membranes 

(2, 3) and that pyrithiamine, an  an  timetabolite of thiamine, affected the action potential 

of peripheral nerves (4). However, the relationship between these phenomena and the 

process of dephosphorylation of phosphorylated thiamines have not been elucidated. 

   In previous papers we reported some properties of thiamine diphosphatase in rat 

brain (5-7). More recently the existence and some properties of thiamine triphospha-

tase  (TTPase) in rat brain were reported (8, 9). The possible significance of thiamine 

triphosphate (TTP) in nerve tissue was suggested by the demonstration (10) that TIP was 

not present in the brain of patients with subacute necrotizing encephalomyelitis, a fatal 

disease associated with an abnormality in thiamine metabolism. However, the function 

of TTPase in nerve tissue has not been clarified. As a part of our studies on the role of 

thiamine in the function of the central nervous system, we examined the basic properties 

of TTPase in rat brain and its interaction with  Ca". The results are described herein.

                    MATERIALS AND METHODS 

   TTP was a gift from Sankyo Co., Ltd., Tokyo. Purity was determined by paper elec-

trophoresis (11) to be  97  %  TTP.  GTR, ITP, UTP and ATP were obtained from Sigma 

Chem. Co., St. Louis.  Tip and nucleotides were neutralized with tris base before use 

in enzyme assays. 

   Subcellular fractionation: Adult male Sprague-Dawley rats weighing 200-250 g 

were sacrificed by decapitation and the brain was rapidly removed and homogenized in
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10 vol. of ice-cold 0.25 M sucrose using a glass homogenizer fitted with a Teflon pestle. 

The homogenate was subjected to differential centrifugation to obtain a nuclear fraction 

(1000 x g, 10  min), a crude mitochondrial fraction (14500 x g, 20  min), a microsomal frac-
tion (105000 x g, 60  min) and the resulting supernatant fraction. Particulate fractions 

were washed three times in ice-cold sucrose, and then diluted with 0.25 M sucrose to pro-

tein concentrations of 2.0 to 3.5  mg/ml. Succinate dehydrogenase activity was deter-

mined by the method of King (12). DNA and RNA was determined by the method of 

Schmidt-Thannhauser-Schneider (13). Protein was determined by the procedure of 

Lowry et  al. (14). 

   Determination of TTPase activity: Hydrolysis of  TTP was measured by determin-

ing the release of inorganic phosphate by the method of Baginski et  al. (15). Unless other-

wise indicated the standard reaction mixture contained: for soluble TTPase,  100  mM 

tris buffer (pH 9.0), 6 mM  MgC12, 3 mM substrate and about 300  pg/ml of protein; for 

membrane-associated  TTPase, 100 mM tris-maleate buffer (pH 6.5), 3 mM MgC12, 3 mM 

substrate and about 600  pg/ml of protein in a final volume of 0.5 ml. After 5  min of pre-

incubation, incubation was started by addition of TTP and carried out for 30  min at  37°C. 

The reaction was terminated by addition of cold trichloroacetic acid to a final concen-

tration of 5 %. Nucleoside triphosphatase activity was determined in the same way as 

TTPase activity except that ITP, GTP, UTP or ATP served as substrate and the incuba-

tion time was 15  min. 

   Partial purification of soluble TTPase: Unless  otherwise stated, partially purified 

soluble  TTPase was used. Partially purified soluble TTPase was obtained by  a' slight 
modification of the method of Hashitani and Cooper (8); material precipitated with be-

tween 55 to  80  % acetone was suspended in  50  mM tris buffer (pH 7.8) and dialysed for 

16 hr against the same buffer at  0°C. The specific activity was increased about 10-fold by 

this procedure. 

   Electrophoretic and fluorometric determination of thiamine phosphate esters: Thi-

amine phosphate esters in the reaction mixture of microsomal TTPase were determined 

by a slight modification of the method of Itokawa and Cooper (11); paper electrophoresis 

was carried out for 20  mM in 50 mM acetate buffer (pH 3.8) using Whatman No. 3MM 

paper (80 V/cm, 2 mA/cm). 

                          RESULTS 

Subcellular distribution and optimal pH of TTPase activity 

   Subcellular distribution of the membrane-associated and soluble TTPase were deter-

mined by assaying the hydrolysis of  TTP by each fraction at pH 6.5 and at pH 9.0 (Table 

1). At pH 6.5 the nuclear and microsomal fractions had high specific activities, whereas 

the activity of the soluble fraction was low. On the other hand, at pH 9.0 the soluble 

fraction had the highest specific activity. Table 2 shows the distributions of protein, DNA, 

RNA and succinate dehydrogenase activity in each subcellular fraction of rat brain. 

   The optimal pH of the soluble and membrane-associated (microsomal fraction) TTP-
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TABLE 1. Subcellular distribution of thiamine  triphosphatas6 activity in rat brain

819

Membrane-associated Soluble

Specific Percent of 
 activity') total activity

Specific 
 activity')

Percent of 
total activity

Nuclei 

Mitochondria 

Microsomes 

Supernatant

0.94 

0.44 

0.75 

0.17

26 

41 

27 

4

0.65 

0.50 

0.86 

1.06

15 

37 

25 

23

 a) Activity is expressed as p moles Pi/mg protein/h. 
 Procedures used for subcellular fractionation and assay are described in Methods. 

Reaction mixture contained  : for soluble  TTPase, 100 mM tris buffer (pH 9.0), 6 
mM MgC12, 3 mM  TTP and 300  deg/ml of protein ; for membrane-associated  TTPase, 

 100  mM tris-maleate buffer (pH 6.5),  3  mM  MgC12,  3  mM TTP and 600  pg/m1 of 
protein in a final volume of 0.5 ml. 

   TABLE 2. Subcellular distribution of protein, DNA, RNA and succinate 
        dehydrogenase activity in rat brain

Fraction Protein 
(%)

DNA 
(%)

RNA 
(%)

Succinate dehydrogenase 
     (%)

Nuclei 

Mitochondria 

Microsomes 

Supernatant

15 

48 

19 

14

97 

2 

0 

 1

31 

26 

28 

27

5 

80 

3 

10

      FIG. 1. Activities of soluble and microsomal  TTPases at various pH values. 
            -s- , soluble ; —A—, microsomal 

ases was found to be very different (Fig. 1). The soluble TTPase had one peak at pH 

8.5-9.0, while the microsomal TTPase had two peaks at pH 6.5 and 7.8. Furthermore, 

it was found that the optimal pH of the microsomal nucleoside triphosphatase activity, 

determined using ITP as substrate, differed markedly for that of  TTPase (Fig. 2). 

   The electrophoretic and fluorometric determination of the reaction mixture of micro-
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 FIG. 2. Nucleoside triphosphatase activity at various pH values. ITP (3 mM) was 
   used as a substrate. Assay conditions are described in Methods.

pH 6.5

TABLE 3. Identification of the products of the microsomal  TTPase

pH 7.8

Time 
 (min)

30 

60 

30 

60

 Pi liberated 
(p moles/mg protein)

0.34 

0.63 

0.43 

0.88

   TDP formed 
(p moles/mg protein)

0.41 

0.70 

0.48 

0.90

reaction

   TMP formed 
(p moles/mg protein)

N.D.* 

N.D.* 

0.04 

0.08

      Incubation condition is described in Methods. 
      Reaction was terminated by the addition of cold 0.1 N HC1 (final concentration, 

    0.05 N). After centrifugation one portion of the supernatant was used for the assay 
    of Pi and another was diluted with acetate buffer (pH 3.8) and used for the elec-
    trophoretic and fluorometric determination of the reaction mixture. *Not detected 

    (<0.005) 

somal TTPase at pH 6.5 or 7.8 was examined (Table 3). The production of thiamine 

diphosphate was equimolar to inorganic phosphate liberated at both pH values. A slight 

amount of thiamine monophosphate, a product of a further dephosphorylation of thi-

amine diphosphate, was detected at pH 7.8 reaction. 

Substrate specificity of partially purified soluble TTPase 

   Partially purified soluble  TTPase showed slight activity with GTP or ATP, but no 

activity with ITP or UTP (Table  4).

TABLE 4. Substrate specificity of partially purified soluble  TTPase

Substrate
   Specific activity 

(p moles  Pi/mg protein/h)  (%)

 TTP 

ITP 

GTP 

UTP 

ATP

9.79 

0 

1.27 

0 

0.39

100 

 0 

13 

 0 

 4

 TTP 
Assay

and various 
conditions are

nucleotides 

described
 (3 mM) were 

in Methods.
used as substrates.
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Effect of  Ca" on TTPase activity 

   As shown in Fig. 3, the microsomal  TTPase activity exhibited an absolute divalent 

cation requirement which was satisfied by  Mg" or  Ca" and maximum activations were 

observed with concentrations of about 3 mM cation. On the other hand, the divalent 

cation requirement of partially purified soluble TTPase activity was fulfilled by Mg", 

but not by  Ca++. • 

   Fig. 4 shows the effect of  Ca++ on the microsomal and soluble TTPase activities in 

the presence of the optimal concentration of  Mg++. Addition of 1.25 x  10-4 M EGTA 

[ethylene  glycol-bis-((3-aminoethylether)-N, N-tetraacetic acid], had little effect on the

 FIG. 3. Effects of  Ca++ and  me- on microsomal and soluble  TTPase activities. 
     —111—,  Mg++ ; — x  ca++

FIG. 4.  Effects  of  Ca" on  cli'ase  activities  in the presence of  Me'. 
 soluble  ; —A—, microsomal ; —0—, soluble (in the 

   presence of EGTA, 1.25 x  10-4 M) ; —A—, microsomal (in the 
   presence of ,EGTA, 1.25 x  10' M). Control (100%)  activities  : 

   soluble, 9.79  it moles Pi/mg protein/h ; microsomal, 0.71 p moles 
   Pi/mg  protein/h.
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activities of the soluble and microsomal TTPases. In the presence of 6 mM  Mg",  Ca" 

strongly inhibited the soluble TTPase activity at physiological concentrations of this ca-

tion. However,  Ca" did not inhibit the microsomal enzyme. 

                          DISCUSSION 

 Hashitani and Cooper (8) found a specific  TTPase, having an optimal pH of 9.0 in rat 

brain supernatant. A recent report by Barchi and Braun (9) showed that there is also an 

enzyme specifically associated with subcellular membrane fractions, which catalyses the 

same reaction and has an optimal pH of 6.5. 

   In the present work, we also found the highest specific activities of the soluble and 

membrane-associated  TTPases in the supernatant and nuclear fractions, respectively. 

However, unlike Barchi and Braun (9) we could not detect high specific activity of mem-

brane-associated TTPase. This may be due to differences in the methods used for en-

zyme assay or to differences in the procedures used for obtaining subcellualr fractions. 

We also found that soluble TTPase has a pH optimum of 8.5-9.0 and that  TTP is the spe-

cific substrate of this enzyme. This result is in good agreement with that of Hashitani and 

Cooper (8). On the other hand, the microsomal enzyme showed two optimal pH values, 

one at pH 6.5 and the other at pH 7.8, whereas the optimal pH for the microsomal nu-

cleoside triphosphatase activity, measured using ITP as substrate, was pH 7.8. 

   Barchi and Braun reported that the membrane-associated  TTPase in nuclear fraction of 

rat brain has a pH optimum of 6.5 (9). As thiamine diphosphatase in brain has an opti-

mal pH at alkali ranges (7, 16, 17), it may be considered that the high activity of microsomal 

TTPase at pH 7.8 is due to a further dephosphorylation of thiamine diphosphate through 

thiamine diphosphatase. However, as shown in Table 3, the production of thiamine mono-

phosphate was only about  10% of thiamine diphosphate at pH 7.8 reaction. Thiamine 
monophosphate was not detected in the reaction mixture of pH 6.5. We found that the 

microsomal enzyme is difficult to solubilize with deoxycholate, Triton X-100 or alkali-

treatment and has a wide substrate specificity for various nucleotides (data not shown), 

so it is still unknown whether or not the TTPase activity of the microsomal fraction is 

specific for  TTP. However, from our results mentioned above and the finding of a speci-

fic inhibitor of the hydrolysis of TTP (9), the microsomal TTPase also seems to be dis-

tinct from a general nucleoside triphosphatase in the reaction at pH 6.5. 

   The hydrolysis of  TTP by the soluble and microsomal enzymes have an absolute 

divalent cation requirement which is fulfilled by  Mg" or Ca++. 

   Previously,  Hashitani and Cooper (8) reported that soluble TTPase was inhibited 

by  Ca++.  Furthermore,. Barchi and Braun (18) reported the inhibition of membrane-as-

sociated TTPase by this cation, but in a later report (9) they stated it to be in error as a 

result of the contribution to the system of an inorganic pyrophosphatase which is inhibited 

by  Ca++. In the present study, it was observed that physiological concentrations of  Ca++ 

inhibited the soluble, but not the microsomal enzyme activity. Changes of the enzyme 

activities caused by contamination of the fractions with  Ca++ were found to be slight because
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the effect of addition of EGTA was not observed. These results suggest that  Ca" may 

regulate TTP metabolism in nerve tissue. In elucidating the role of thiamine in the central 

nervous system, this effect of  Ca" on TTPase activity is worthy of attention, since  Ca" 

is known to have a specific role in nerve conduction (19, 20). 
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    Abstract—The effects of various agents on the activity of brain thiamine triphos-
    phatase (TTPase) in vivo and in vitro were studied. Thiamine deficiency caused a 

    significant increase in soluble TTPase activity and a decrease in membrane-associated 
 TTPase activity. Insulin and a fasting state did not affect these enzyme activities. 

    DL-Methamphetamine  (10  mg/kg i.p.) increased the activity of the soluble  TTPase, 
    whereas reserpine (2.5 mg/kg i.p.) caused no change in the enzyme activities. A 

    single injection of chlopromazine (25 mg/kg s.c.) had no effect on the microsomal or 
    soluble  TTPase activities, but repeated injections reduced the activity of the micro-

     somal enzyme. The effects of various neuroactive agents on microsomal  TTPase 
    activity were examined in vitro. Among the drugs tested, only chlorpromazine 

    caused marked inhibition of the enzyme activity. 

   The specific participation of phosphorylated thiamine in nerve conduction has been 

suggested by many workers (1-4), but the nature of this participation has not been elu-

cidated at the molecular level. Several enzymic analyses of thiamine diphosphate in 

brain have been reported (5-7). Recently the possible significance of thiamine triphos-

phate  (TTP) in nervous function was demonstrated (8), and very recently, the existence 

and some properties of TTPase in rat brain were reported (9, 10). 

   Previously we also studied the properties of the soluble and membrane-associated 

 TTPases and our results indicated that  Ca" may regulate their activities (11). However, 

there are no drugs known to affect these enzyme activities and the role of the enzymes 

in nerve function has not been clarified. In this work, we examined the effects of thiamine 

deficiency, insulin, fasting states and various neuroactive agents on TTPase activity in 

 vivo and in vitro. 

                   MATERIALS AND METHODS 

 TTP was a gift from Sankyo Co., Ltd., Tokyo. Purity was determined by paper elec-

trophoresis (11) to be  97  % TTP. No further dephosphorylation of the product of the 

enzymic reaction was detectable as described previously (11). 

   Soluble and microsomal fractions were prepared from the brains of male adult rats 

as described previously (11). In some experiments (Tables 1 and 2), brain tissue was
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 homogenized in 50 mM tris buffer (pH 7.8) instead of 0.25 M sucrose. In this case ma-

 terial precipitated by centrifugation at 1000 x g for 10  min (membrane-associated frac-

 tion) and the supernatant obtained by centrifugation at 105000 x g for 60  min (soluble 

 fraction) were used as enzyme sources. Hydrolysis of  TIP was measured by determin-

 ing the release of inorganic phosphate by the method of Baginski et  al. (12). The standard 

 reaction mixture contained: for soluble  TTPase,  100  mM tris buffer (pH 9.0),  6  mM 

 MgC12, 3 mM substrate and about 300 pg/ml of protein; for membrane-associated TTP-

 ase, 100 mM tris-maleate buffer (pH 6.5), 3 mM MgC12, 3 mM substrate and about 600 

 ,ag/m1 of protein in a final volume of 0.5 ml.  After 5  min of pre-incubation, incubation 
 was started by addition of  TTP and carried out for 30  min at  37°C and the reaction was 

 terminated by addition of cold trichloroacetic acid to a final concentration of  5  %. Thi-

 amine-deficient and pair-fed rats were obtained by the method of Iwata et  al. (13). When 

 the animals on the thiamine-deficient diet showed a heart rate of less than  70  % of that 

 of the control group they were regarded as acutely deficient, and used in the experiments. 

 The total thiamine content in the brains of these animals, estimated by the method of 

 Fujiwara and Matsui (14), was less than 30 % that of normal rats. These animals ex-

 hibited various symptoms such as body weight-loss, tremor, ataxia, frequent seizure, 

 opisthotonus and circular walk. 

                           RESULTS 
 Effects of thiamine deficiency (in vivo) 

    As shown in Table 1, in thiamine-deficient rats the activity of soluble  TTPase in the 

 brain was significantly more than that of pair-fed animals, and the activity of membrane-

 associated TTPase significantly was less than that of normal animals. There was no sig-

 nificant difference in the enzyme activities in the livers of these three groups. 

     TABLE 1. Thiamine triphosphatase  activity') in brain and liver of normal, pair-fed 
           and thiamine-deficient rats 

        Brain Liver  
                       Soluble Membrane-associated Soluble Membrane-associated  

Normal 7 1.20±0.03 0.53±0.02  0.47+0.03 0.84±0.06 
Thiamine-deficient 4 1.37±0.07**b)  0.43±0.01**e)  0.43+0.03 1.07±0.15 
Pair-fed 4 1.14±0.06 0.46±0.06 0.43±0.01 0.83±0.09 

 Thiamine-def.  + 2 0 .97  0.46  0.41  0.90  thiamined) 

     a) Activity is expressed as p moles Pi/mg protein/h. 
     b) Statistically significant (P<0.01) compared to pair-fed 

     c) Statistically significant (P<0.01) compared to normal 
     d) Thiamine-HC1 (4 mg/kg) was administered s.c. 3 hr before decapitation. Values 

        are given as  means±S.E. Assay conditions are described in Methods. 

Effects of insulin and fasting (in vivo) 

    Injection of insulin (5 i.u./kg i.p.) or fasting for 48 hr did not influence TTPase ac-

tivity (Table 2).
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      TABLE 2. Effects of insulin and fasting on thiamine  triphosphatase  activie 

        Brain Liver 
Treatment n  

                  Soluble Membrane-associated Soluble Membrane-associated 

Untreated 7 1.20±0.03 0.53±0.02 0.47±0.03 0.84±0.06 
 Insulin') 7 1.17±0.03 0.50±0.02  0.56+0.05 0.93±0.09 
 Insulin') 7 1.40±0.11  0.49+0.03 0.55±0.02 0.79±0.03 

Fasting,  48  hr 4 1.04±0.08  0.54+0.02 0.44±0.01 1.08±0.06 

    a) Activity is expressed as p moles Pi/mg protein/h. 
    b) Insulin (5 i.u./kg) was administered i.p. 3 hr before sacrifice. 

 c) Insulin (5 i.u./kg) was administered i.p. 5 hr before sacrifice. Values are given as 
 means±S.E. Assay conditions are described in Methods. 

    TABLE 3. Effects of DL-Methamphetamine, reserpine and chlorpromazine on TTPase 
 activities') in brain 

                                  Soluble Microsomal 

    Exp. (A) Control 0.91±0.02 (9) 0.75±0.03 (5) 
 DL-Methamphetamineb)  1.10  ±0.04**  (4) 0.77±0.03 (5) 
 Reserpine 0.96±0.03 (5) 0.78±0.02 (5) 

     Exp. (B) Control 0.90±0.03 (5) 0.72±0.03 (9) 
 Chlorpromazine" 0.93±0.03 (5) 0.73±0.05 (8) 
 Chlorpromazine') 0.86±0.10 (4)  0.61  ±  0.03*  (6) 

    a) Activities are expressed as p moles Pi/mg protein/h. 
    b) DL-Methamphetamine (10 mg/kg i.p.), 1 hr before sacrifice. 

    c) Reserpine (2.5 mg/kg i.p.), 4 hr before decapitation 
    d)  Chlorpromazine (25 mg/kg s.c.), 90  min before sacrifice 

    e) The same dose of the drug was administered 3 times at 24 hr intervals. Animals 
       were decapitated 90  min after the last injection. Values are given as  means± 
       S.E. Number of experiments is indicated in brackets. 

       *P<0.05, **P<0.01 

Effects of neuroactive agents (in vivo) 

   Table 3 shows the effects of DL-methamphetamine, reserpine and chlorpromazine 

on the soluble and microsomal TTPase activities in the brain. One hr after the injection 

of DL-methamphetamine (10 mg/kg i.p.), the soluble  TTPase activity was increased. Re-

serpine (2.5 mg/kg i.p.) did not cause any change in either TTPase activity (Exp. A). A 

single injection of chlorpromazine (25 mg/kg s.c.) had no effect on the microsomal  TTPase 

activity, but repeated injections reduced the activity significantly. The soluble TTPase 

 activity was not influenced by either single or repeated injections of the drug (Exp. B). 

Effects of various neuroactive agents (in vitro) 

   As shown in Table 4, acetylcholine, noradrenaline, tyramine and diphenylhydantoin 

had no effects on the microsomal  TTPase activity, but 1.0 mM  colchicine caused a slight 

decrease in enzyme activity. Concentrations of 0.25 to 1.0 mM chlorpromazine strongly 

inhibited the enzyme activity causing 17 to 61  % inhibition.
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              TABLE 4. Effects of various agents on microsomal TTPase  activity') 

       Addition  TTPase                                        Concn.                            (mM)                                     S
pecific  activie  (%) 

   None 0.71 100 
 Acetylcholine 1.0 0.74 104 
      Noradrenaline 0.5 0.71 100 
     Tyramine 1.0 0.65 92 
 Coichicine 1.0 0.60 84 
       Diphenylhydantoin 1.0 0.71 100 

 Chlorpromazine 0.25 0.59 83 
 Chlorpromazine 0.5 0.52 73 
      Chlorpromazine 1.0 0.28 39 

              a) Activity is expressed as p moles Pi/mg protein/h. 

                            DISCUSSION 
      The recent studies of Itokawa et  al. (2, 3) on membrane fragments of rat brain, strong-

   ly indicated that ion movement across the  nerve membrane is associated with the dephos-

   phorylation of phosphorylated thiamines. The possible significance of  TTP in nervous 
   tissue was also suggested by the demonstration (8) that TTP is not present in the brains 

   of patients with subacute necrotizing encephalomyelitis, a fatal disease associated with 

   an abnormality in thiamine metabolism. 

      Hashitani and Cooper demonstrated a soluble  TTPase in rat brain and its regula-
   tion by  Ca++ (9), while Barchi and Braun reported the existence of membrane-associated 

   enzyme in rat brain and its inhibition by ADP (10). We also studied the properties of 

   these two enzymes and results indicated possible regulation of activity by physiological 

   concentrations of  Ca"  (11). 

      In the present work we found that some drugs affected  TTPase activity in vitro or in 

   vivo. DL-Methamphetamine increased the activity of the soluble enzyme, whereas re-

   peated injections of a sedative dose of  chlorpromazine inhibited the microsomal enzyme 
   activity. However, reserpine did not affect the enzyme activity. Therefore, at present 

   the relationship between the changes of the enzyme activities and functional changes of 

   the animals induced by these drugs is not clear. 

      We reported previously that thiamine diphosphatase activity in tat brain was signifi-

   cantly elevated in thiamine deficiency (15). The present results show that thiamine de-

   ficiency causes an increase in soluble TTPase activity and a decrease in membrane-as-

   sociated enzyme activity in the brain. Taking into account the possible significance of 
 TTP in the central nervous system (8) and of the appearance of neural symptoms in thi-

   amine deficiency, this finding is of interest. 

      Next, we examined the effect of calorigenic factor on  TTPase activity using insulin 

   or food-deprivation, but no change in the enzyme activity was observed. 

      Neuroactive agents, such as acetylcholine and tetrodotoxin, cause release of dephos-

   phorylated thiamine from membrane fragments of nervous tissue (3). Hashitani and
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Cooper reported that these agents have no effect on the soluble  TTPase activity in vitro 

(9). In this work, we examined the effects of some neuroactive agents on the activity of 
microsomal TTPase in vitro. Most of the drugs tested had no affect, but at concentrations 

of 0.25 to 1.0 mM chlorpromazine caused 17 to 61  % inhibition. 

   It has been suggested that chlorpromazine inhibits ATPase in brain microsomes and 

may induce a change in membrane permeability (16-18). Since dephosphorylation of 

phosphorylated thiamines is associated with ion movement across the nerve membrane (3), 

our data showing that chlorpromazine inhibits TTPase also suggest the possible participa-

tion of this enzyme in nervous function. But it is still uncertain whether the concentra-

tions of chloropromazine tested correspond at all to those which might be expected in 

vivo. Detailed analysis of the action of  chlorpromazine on thiamine metabolism is now 

in progress. 

   As there have been no previous reports on the effects of drugs on TTPase activity 

in vivo or in vitro, our findings that thiamine deficiency, DL-methamphetamine and  chlor-

promazine can alter the enzyme activity should be applicable in further investigation of 
the role of thiamine metabolism in the central nervous system. 
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Abstract—The mechanism of the action of  chlorpromazine on rat brain thiamine phosphatases were 
studied to clarify the properties of these enzymes in the CNS.  Chlorpromazine at concentrations 
of  0.25-1.0  mm caused marked decrease of microsomal and soluble thiamine triphosphatase (TTPase) 
activities and marked increase of microsomal thiamine diphosphatase (TDPase) activity. Imipramine 
and desipramine also inhibited TTPase but did not cause any marked change in TDPase activities. 
Addition of  chlorpromazine  (0.5  mM) decreased the  Vma„ of microsomal TTPase by about one-half, 
increased that of TDPase about 3-fold, and lowered the  K,,, value for TDP but not for  TTP. 

 Acetone treatment of the microsomal fraction lowered the  TTPase activity and markedly enhanced 
the TDPase activity. In acetone-treated microsomes, chlorpromazine also inhibited  TTPase activity 
but did not activate TDPase. Deoxycholate had similar effects to chlorpromazine on these enzyme 
activities.

THE SPECIFIC involvement of phosphorylated thiamine 
in nerve conduction has been suggested by VON MUR-
ALT (1962), but the nature of this involvement has 
not yet been elucidated at a molecular level. Recently, 
the possible  significance of thiamine triphosphate 

 (TTP) in nervous tissue was suggested by the 
demonstration (COOPER et al., 1969) that TTP is not 
present in the brains of patients with subacute necro-
tizing encephalomyelitis, a fatal disease associated 
with an abnormality in thiamine metabolism. Fur-
thermore, the studies with membrane fragments of 
rat brain  (ITOKAWA & COOPER, 1970a;  ITOKAWA et 
al., 1972), strongly indicated that ion movement 
across the nerve membrane is associated with the 
dephosphorylation of phosphorylated thiamines. 

 Recently there have been several reports of the 
existence and some properties of thiamine diphospha-
tase (TDPase)  (BARCHI & BRAUN, 1972a; COOPER & 
KINI, 1972), and thiamine triphosphatase (TTPase) 

(HASHITANI & COOPER, 1972; BARCHI & BRAUN, 
1972b) in rat brain. Previously, some basic properties 
of TDPase  (INouE et al., 1970;  IWATA et al., 1971; 

 INOUE &  IWATA, 1971) and TTPase  (IWATA et al., 
1974a, b) have been reported from our laboratory. 
However, no drug has been found which affects both 
these enzyme activities, and the roles of these enzymes 
in nerve tissue have not been clarified. Based on the 

possible role of phosphorylated thiamines in mem-
brane function and our previous results  (IWATA et 
al., 1974b) showing the inhibitory action of chlorpro-
mazine on microsomal TTPase activity, we examined 
the effect of  chlorpromazine, which affects the mem-

 Abbreviations used: TDP, thiamine diphosphate; 

thiamine triphosphate.

brane-bound ATPases (SQUIRES, 1965;  AKERA & 
BRODY, 1969; GODFRAIND & VERBEKE, 1973), on 
TDPase and  TTPase activities in vitro.

       MATERIALS AND METHODS 

 TTP was a gift from Sankyo Co., Ltd., Tokyo. Thiamine 
diphosphate (TDP) was obtained from Sigma Chemical 
Co., St. Louis. Purities of  TIP and TDP were determined 
by paper electrophoresis to be greater than 97% TTP and 

 97% TDP, respectively. All other reagents were of the best 
analytical grade available.

Enzyme preparations 

 The microsomal and soluble fractions were obtained 
as follows. The brains of male Sprague–Dawley rats were 
homogenized in 10 vol of  0.25  M sucrose and homogenate 
was centrifuged at 14,500 g for 20  min. The resulting super-
natant was recentrifuged at 105,000 g for 60  mM and 

pellet and supernatant obtained were used as the microso-
mal and soluble fractions, respectively. The microsomal 
fraction was washed with cold sucrose and possible conta-
mination with mitochondria was checked by measuring 
total succinate dehydrogenase activity. This was usually 
only a few per cent of that of the homogenate. The micro-
somal fraction was suspended in  0.25  M sucrose. Soluble 
TTPase was partially purified as described by HASHITANI 
& COOPER (1972) with modifications: gradient elution in 
Sephadex column and ultrafiltration were omitted, and 
material precipitated with between 55 and 80% acetone 
was suspended in 50  HIM Tris–HC1 (pH  7.8) and dialysed 
for 16 h against the same buffer at 0°C. This purification 
of the enzyme was about 10-fold with a yield of 49% 
of original supernatant. 

Enzyme assays 

 The standard reaction mixtures were as follows: for sol-
uble  TTPase, 100  mm Tris–HC1 (pH  7.5), 6  HIM  MgC12, 
3  mM TTP and about 100  pg/ml of protein in a volume

1209



1210 H. IWATA, A. BABA, T. MATSUDA and Z. TERASHITA

FIG. 1. Effects of  chlorpromazine  (-0—), imipramine 
 (-0—) and desipramine  (—,L—) on microsomal and sol-

uble TTPase activities. The incubation conditions were de-
scribed in Methods.  , Microsomal  TTPase (control 
activity;  0.75  mnol  Piing protein/h); ----, soluble 

 TTPase (control activity;  4.48  ttmol  Pi/mg protein/h). 
       The control activities are taken as 100.

of  0.5 ml; for microsomal  TTPase, 100  mm Tris–maleate 
buffer (pH  6.5), 3  mm  MgC12, 3  mM  TTP and about 600 

 µg/ml of protein in a final volume of  0.5 ml; and for 
TDPase, 75  mm Tris–HC1 (pH  9.0), 4  mm CaC12, 4  mM 
TDP and about 200  µg/ml of protein, in a volume of 

 2.7 ml. After preincubation for 5  mM at 37°C reactions 
were started by addition of substrates and terminated after 
30  min by addition of cold  trichloroacetic acid (with 

 TTPases), or  perchloric acid (with TDPase). Hydrolyses 
of TDP and TTP were measured by determining the 
release of inorganic phosphate by the method of BAGINSKI 
et al. (1967) using a Shimadzu UV-200, double beam spec-
trophotometer. Protein was determined by the method of 
LOWRY et al. (1951).

0  0.25  0-5 

 D  rug  concentration, mm

FIG. 2. Effects of  chlorpromazine  (-0—), imipramine 

 (—*—) and desipramine (—A—) on microsomal TDPase 
activity. The assay condition  was described in Methods. 
The control activity  (1.05 pmol  P./mg protein/h) is taken 

                    as 100.

 Enzyme activities were proportional to both the protein 
concentration and the incubation time for up to 45  min. 
The concentrations of substrates and divalent cations used 
were optimal, as described previously (IwATA et  al., 1974a). 
No further dephosphorylation of the products of the enzy-
mic reactions were detectable by electrophoretic and  fluor-
ometric examination  (troxawA & COOPER, 1970b) of the 
reaction mixtures. The specific activities of TDPase and 
TTPase are expressed as pmol P, formed per mg protein 

per h. The data shown are means of 4-10 observations. 

Acetone treatment 

 Microsomes were treated with acetone as described pre-
viously  (INovE &  IwATA, 1971); the microsomes were 
extracted with acetone twice and the resulting powder was 
used as the enzyme source.

               RESULTS 

Effects of  chlorpromazine 

 Figure 1 shows the effects of  chlorpromazine, im-
ipramine and desipramine on the microsomal and 
soluble TTPase activities.  Chlorpromazine strongly 
inhibited both the soluble and microsomal TTPase 
activities, concentrations of  0.25-1.0  mM causing  20-
70% inhibition. It inhibited the soluble  TTPase more 
than the microsomal one. Imipramine and desimpra-
mine also caused inhibition, but less than chlorpro-
mazine. These drugs are precipitated in medium of 
pH  9.0, the optimal pH of soluble TTPase reaction, 
so Tris-HC1 (pH  7.5) was used in experiments on 
the soluble TTPase. The activity at pH  7.5 was about 
half that at pH  9.0, although the relative inhibitory 
actions of these agents were the same at the two 

pH values. 
  On the other hand, as shown in Fig. 2 chlorproma-

zine markedly activated the microsomal TDPase acti-
vity, concentrations of  0.125-0.5  mM causing 20-180% 
activation. Imipramine and desipramine did not affect 
the enzyme activity appreciably. The percentage acti-
vation of the enzyme by chlorpromazine varied with 
the protein concentration used, and was more at low 
protein concentration than at high protein con-
centration (data not shown). The data shown in Fig. 
2 were obtained using a protein concentration of 180 

 ptg/ml. Addition of  chlorpromazine decreased the  max 
of  TTPase by about one-half (Fig. 3) and increased 
the  Vma.of TDPase about 3-fold with a corresponding 
decrease in the Km value (Fig. 4). 

  As shown in Table 1, when  3  mm  Ca' was used 
instead of  Mg', chlorpromazine did not cause any 
marked inhibition of TTPase activity. On the other 
hand, TDPase activity was markedly activated by 
the drug in the presence of  Mg' (data not shown). 

Effects of acetone treatment 

 Figure 5 shows the effects of acetone treatment 
of microsomes on the enzyme activities and on the 
action of  chlorpromazine. Acetone  treatment, mark-
edly lowered the activity of TTPase, and chlorproma-
zine inhibited this activity. In contrast acetone treat-
ment increased TDPase activity about 4-fold, and 
chlorpromazine inhibited this activity. Kinetic data
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 I. EFFECT OF CHLORPROMAZINE ON MICROSOMAL 

 TITASE ACTIVITY IN THE PRESENCE OF  Ca2÷

                 Relative activity (%) 
Chlorpromazine  Mg'-dependent  Ca'-dependent 

 (mM) activity activity

0 
 0.25 
 0.50 
 1.00

100 

83 

73 

39

100 

100 
98 
 84

FIG. 3. Double-reciprocal plots of velocity of microsomal 
 TTPase reaction in the presence and absence of  chlorpro-

                mazine  (0.5  mM).

on TDPase in acetone-treated microsomes are shown 

in Fig. 6. Acetone treatment of the microsomes in-

creased the  Vmax of the enzyme with a corresponding 
decrease in the Km value, and  chlorpromazine was 

found to cause competitive inhibition.

Effects of deoxycholate 

 Figure 7 shows the effects of sodium deoxycholate 
on TDPase and  TTPase activities. Deoxycholate at 
a concentration of  0.02% (w/v) caused about 80% 
activation of TDPase and inhibited TTPase. How-
ever, in acetone-treated microsomes deoxycholate in-
hibited TDPase activity (Table 2). 

             DISCUSSION 

 It is well known that TDPase is localized in the 
particulate fraction of mammalian brains  (SEuo & 
ARNAIZ, 1970; BARCHI & BRAUN, 1972a; COOPER & 
KINI, 1972). In our previous study, it was reported 
that TDPase activity in rat brain was enhanced by 
the injection of cholinergic drugs  (IwATA et al., 1971). 

 On the other hand, two specific TTPases have been 
found in the soluble and particulate fractions, respect-
ively  (HASHITANI & COOPER, 1972; BARCHI & BRAUN,

FIG. 4. Double-reciprocal plots of velocity of microsomal 
TDPase reaction in the presence and absence of chlorpro-

               mazine  (0.5  mm).

  The incubation conditions were described in Methods , 
except that the medium for  Ca'-dependent activity con-
tained 3  mm CaC12 as divalent cation. The control  activi-
ties of  Mg'  -dependent TTPase  (0.80 pmol  P,/mg  protein/ 
h) and  Ca'  -dependent TTPase  (0.98 pmol  Pi/mg protein/ 
h) are taken as 100.

1972b; IWATA et al., 1974a). Previously, we reported 
that of the various neuroactive agents, such as ACh, 
NA, tyramine, diphenylhydantoin, colchicine and 

 chlorpromazine, only  chlorpromazine inhibited rat 
brain microsomal TTPase activity  (IWATA et al., 
1974b). This work shows that  chlorpromazine also 
inhibited partially  purified soluble  TTPase activity. 
Furthermore, imipramine and desipramine were also 
found to inhibit the TTPase activities of both frac-
tions, while only chlorpromazine markedly activated 
microsomal TDPase (Fig. 2). 

 Chlorpromazine is known to inhibit the activities 
of ATPases  (SQumas, 1965;  AKERA & BRODY, 1969; 
GODFRAIND & VERBEKE, 1973), but few enzymes are 
known to be activated by this drug. ROBINSON et 
al. (1968) reported that adenylate kinase is markedly 
activated by this drug. This effect could not be 
observed in deoxycholate-treated microsomes, so they 
suggested that the effect of the drug on enzyme acti-
vity might be related to some specific local membrane 
structure. 

 In this work we examined the effects of this drug 
on acetone-treated microsomes (Fig. 5). Acetone treat-
ment lowered the specific activity of TTPase and 
markedly enhanced that of TDPase. Furthermore, 
acetone treatment of the microsomes reversed the 
action of  chlorpromazine on TDPase. Kinetic data

FIG. 5. Effect of acetone treatment on microsomal TTPase 
(left) and TDPase (right). Acetone treatment of the micro-
somes and the incubations were carried out as described 
in Methods.  ^, Fresh microsomes;  CO, acetone-treated mic-
rosomes;  El, acetone-treated microsomes +  chlorproma-

                zine  (05  mm).
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TABLE 2. EFFECT OF SODIUM DEOXYCHOLATE 

AND  TTPase ACTIVITIES IN ACETONE-TREATED

ON TDPase 

MICROSOMES

Addition

 TTPase 
Specific 
 activity*  (%)

  TDPase 
Specific 
activity*  (%)

None 
Deoxycholate 

 (0.02 w/v%)

 0.32 

 0.31

100 

97

 4.04 
 2.40

100 
59

FIG. 6. Double-reciprocal plots of velocity of TDPase in 
fresh  (-0—) and acetone-treated microsomes  (-0—, 

      — x —). —  x  —, Chlorpromazine  (0.5  mm).

on TDPase in acetone-treated microsomes indicated 
that acetone treatment increased the  Vmax of the 
enzyme with a corresponding decrease in the  K„, 
value and that  chlorpromazine caused competitive 
inhibition. Furthermore, results on the action of 
sodium deoxycholate on TDPase and TTPase (Fig. 
7 and Table 2) show that this detergent has similar 
effects to  chlorpromazine on these enzymes. 

 As to the mechanism of the action of  chlorproma-
zine on biological membranes, several authors 
reported that this compound interacts with the lipidic 

part of the membrane, though the possibility of pro-
tein modifications cannot be ruled out  (Gum & 

 SPIRTES, 1964; KWANT & SEEMAN, 1969; SEEMAN et 
al., 1971). Recently,  LEI  IERRIER et al. (1974) reported 
a mild detergent-like action of this compound on 
synaptosomal membrane. Therefore, our data may 
indicate that chlorpromazine affects microsomal 
TDPase through its action on acetone-extractable 
materials or by  modifications of the membrane struc-

FIG. 7. Effect of sodium deoxycholate on microsomal 
TDPase  (-0---) and TTPase  (-0—). The incubation con-
ditions were described in Methods. The control activities 
of TDPase  (1.05  gmol  P,/mg protein/h) and  TTPase  (0.75 

 gmol  P,/mg protein/h) are taken as 100.

 The procedure for obtaining acetone-treated microsomes 
and the standard assay conditions were described in 
Methods. 

 * Activity is expressed as  gmol  P,/mg protein/h.

ture. It was also suggested that brain microsomal 
TDPase and  TTPase could be influenced oppositely 
by the changes in membrane properties. Furthermore, 
results suggest that TDPase exists generally in a 'la-
tent form', and is influenced by micro-environmental 
changes within the membrane. 

 The drug concentrations which we used in this 
study are relatively high, so it might be probable 
that the action of  chlorpromazine on TDPase and 
TTPase are in nonspecific manner. However, as 
shown in Table 1,  `Ca'-dependent TTPase' was 
hardly inhibited by this drug, so the fact that TDPase 
and  TTPase, vicinal enzymes in thiamine metabolism 
were oppositely affected by this drug is a specific 

phenomenon. 
 It is still uncertain whether the concentrations of 

chlorpromazine which we found to affect  TTPase and 
TDPase in vitro have any relevance to those expected 
in vivo, since it seems not applicable to compare the 
added drug concentrations strictly in two different 
conditions. Furthermore, it is difficult to correlate 
the effect of this compound on TDPase and TTPase 
with its pharmacological actions on the CNS, because 
the similar changes in TDPase and  TTPase inducing 
by this compound were also obtained with  prometha-
zine, another phenothiazine derivative with no anti-
psychotic effects (data not shown). 

 Anyhow, the fact that rat brain microsomal 
TDPase and TTPase are affected in diverse direction 
by the changes in membrane properties (caused by 
chlorpromazine, acetone or deoxycholate) is very use-
ful in further studies on the physiological roles of 
thiamine and its phosphate esters in the CNS.
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  The increase in the catecholamine levels in tissues after inhibition of monoamine oxidase  by pheniprazine was 
slower in thiamine deficient rats than in control animals. When thiamine was administered to the deficient rats , the 
rate of catecholamine biosynthesis increased  to the control level and the blood catecholamine and blood  preSsure 
increased to normal levels.

Catecholamine accumulation Monoamine oxidase Thiamine deficiency Pheniprazine

1. INTRODUCTION 

  Starting from the finding that the concentration of 
 catecholamine is significantly elevated in various or-

gans in thiamine-deficient rats (Iwata et al., 1968), we 
have made a series of pharmacological studies on 
thiamine-deficiency (Iwata et al., 1969a; Iwata, Nishi-
kawa and Watanabe, 1969b; Iwata, Nishikawa and 
Fujimoto, 1969c). In studies on the mechanism of 
catecholamine (CA) accumulation, we found that CA 
release into the blood stream was greatly suppressed 
in thiamine-deficient rats (Iwata et al., 1969a), and 
that in organs where the CA concentration was 
elevated, monoamine oxidase (MAO) activity was 
impaired (Iwata et al., 1969c). However, the catechol-
0-methyl-transferase activity in the liver of these 
animals was unchanged (to be published). 

  In studies on the mechanism of CA accumulation 
in thiamine-deficiency, it is necessary to see whether 
the rate of CA turnover changes. Accordingly we 
examined the change in CA biosynthesis and the 
accompanying change in blood pressure in deficient 
rats and results are reported here.

2.  METHODS 

  The animals used and the methods adopted to 
obtain thiamine-deficient rats were reported previous-
ly (Iwata et  al., 1969c). Ten mg/kg pheniprazine 

 (0-phenylisopropyl-hydrazine HC1;  J13-516) were  in-
jected intraperitoneally and animals were killed 1, 2, 

 3, 4,  5,  12,  -  or  24  fir after  the injection. The CA 
contents of the tissues and blood were determined as 
described previously  (Iwata et  al., 1969c; Iwata et al., 

 1969b).  Animals  were anaesthetized with urethane 

(0.6 g/kg, i.p. and 0.6 g/kg, s.c.), a cannula was 
inserted into the right common  carotid artery and 
blood pressure was recorded on smoked kymograph 

paper.

3. RESULTS

  In a preliminary experiment it was clarified that 
the maximum inhibition of MAO in the brain, heart 
and spleen by pheniprazine (10 mg/kg, i.p.) using 

 kynuramine as substrate occurred 25  min after the
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Fig. 1. Accumulation of tissue catecholamine in thiamine-deficient rats  after pheniprazine injection. Each point represents the 
mean  of values of 4 to 6 animals. Control values as catecholamines of control, pair-fed and thiamine-deficient animals were 
reported previously  (Iwata et al., 1968). Thiamine hydrochloride (4.0 mg/kg) was injected subcutaneously into thiamine-deficient 
animals. C.C.: cerebral cortex; B.S.: brain stem; C: cerebellum; H.A.: heart atrium; H.V.: heart ventricle; S.: spleen; A.G.: adrenal 

glands.

                         Table 1 

Relationship between the catecholamine content in the blood and the blood pressure.

Animals

Time after thiamine 

administration 

(hr)

CA content 
 (µg/ml)

Blood pressure 
(mm Hg)

Controla 

 Pair-feda 

Thiamine deficienta 

Thiamine deficient 
 + thiamineb 

 + thiamineb 

 + thiamineb

1 

3 

5

 0.030 ± 0.002 

0.025  ±0.003c 

0.015  ±0.001c

0.020 ±  0.002d 
0.027  ±0.001d 

 0.040 ±  0.002d

 113-126 

105-125 

86-100

 90-105 
 100-120 

 100-130

Values are the means  ±  S.E. of values for 4 or 5 animals. 
a Data reported previously  (Iwata et  al., 1969a). 
b 4 .0 mg/kg thiamine injected subcutaneously. 
c Significance difference from control group (p  <0.05). 
d Significance difference from thiamine deficient group (p  <0.05).

injection both in thiamine-deficient 
types of control animals. 

  Fig. 1 shows that increase in the 
injection of pheniprazine was less

rats and two

CA level after 

in the cerebral

cortex, brain stem, cerebellum and heart atria and 

ventricles in thiamine-deficient rats than in control 

and pair-fed animals. This impaired CA accumulation 

in the deficient rats was restored to nearly the control
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level by simultaneous injection of 4.0 mg/kg of thi-
amine hydrochloride with pheniprazine. 

  In parallel with this restoration of CA biosynthe-
sis, the lowered CA concentration in the blood and 
marked hypotension of thiamine-deficient rats were 
also restored to the control level by administration of 
thiamine (table 1). The blood pressure returned near-
ly to the normal level within 30  min after thiamine 
injection.

4. DISCUSSION

  Fig. 1 shows that after a large dose of pheniprazine 
CA accumulation in all tissues except the spleen and 
adrenal glands is far less in thiamine-deficient rats 
than in the two control groups. 

  It has been suggested that CA accumulation, under 
conditions similar to those described here, is due 

primarily to its biosynthesis (Udenfriend and Weiss-
bach, 1958; Spector, Hirsch and Brodie, 1963). Kul-
karni and Shideman (1968) reported that the increase 
in the level of CA in the central nervous system under 
such conditions was greater in adult rats than in 
infants. We found that the maximum inhibition of 
MAO by pheniprazine injection occurred at aprox-
imately the same time in thiamine-deficient rats and 
two types of control animals. 

  The present results show that CA synthesis is 
markedly inhibited in thiamine-deficient rats. CA is 
known to inhibit the activity of tyrosine hydroxylase 
and regulates its own synthesis through a feedback 
inhibition mechanism (Nagatsu et  al., 1964; Neff and 
Costa, 1965; Levitt et al., 1965); moreover, it blocks 
the accelerated synthesis of the hormone normally 
seen during nerve stimulation (Alousi and Weiner, 
1966). Inhibition of CA synthesis in thiamine-
deficient rats might occur through accumulated CA 
caused by inhibition of MAO activity and of CA 
release into the blood stream. Other mechanisms may 
also participate, such as those involving decrease in 

precursors, tyrosine or in enzyme activities other than 
that of tyrosine hydroxylase. However, the present 
data, together with our previous findings, showing 
that CA release is suppressed and MAO activity is 
reduced, indicate that the turnover rate of CA is 

 definitely reduced in thiamine-deficiency. 
  The present data show that, shortly after injection

of thiamine, the blood pressure began to rise in 

parallel with  restoration of CA biosynthesis and CA 
release. Furthermore, results in the previous paper 
showed that bradycardia, observed in thiamine-
deficient rats, ceased within 40  min after thiamine 
administration (Iwata et al., 1968). These results 
indicate that the CA turnover rate has a close rela-
tionship with physical symptoms of thiamine-
deficiency. However, neurological symptoms, such as 
reduction in spontaneous movement, tremor, turning 
movements and convulsions were not fully overcome 
by thiamine administration, although they are greatly 
improved within 60  min after its injection. This could 
be due to irreversible morphological changes in the 
central nervous  system caused by thiamine-
deficiency.
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