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2.15 ICell I'l~gsiul. 1.1): C457-C4fil. 195:!.-\:cry little is known 
i r r  depll~ ( ~ I ' t l ~ e  l ~ i ~ ~ c l i e ~ ~ ~ i c a l  and ph?.siological changes i ~ ~ d u c e ~ l  
I IL  the celh~lnr level l ~ y  hu~nan behavioral states. For study of 
(Ire pl~gsiolngy of Irel~ovior a t  this level. the erythrucyle nrag be 
~ ~ s e f ~ ~ l .  Irecause it ia rendily arailnllle and its metabolisn~ and 
ntetnlnmlic cuutrol are conlpnratively well u ~ ~ d e r s t < d .  111 this 
relwrt we (lescribe n ~nsrked decline of red cell plycolytic rnte 
induced I,! the eronscet~denlal ~twdilatiozl t e c l ~ ~ ~ i q u e  (l 'hll.  
'l'llis decline wns sig~~ifica~llly ct~rrelnted witll decreased 11lasrn11 
Inctnle cnncc~~lrstiot) rind wit11 relnxntion ns indicated lrg elec- 
I rc~rlerlnnl TPPI)IIIISP.  ' 1 . 1 ~  occurrence of sleep was not correlate~l 
wit11 1l1e rrrernl,nlic clmrjpes. 'l'hr observed lack of vnrialiurr of 
l,lolrl pll. bloo,l poses, glucose. rind hen~ntocrit i n  illis hehavior 
i~nlilies that the decrense nf erythrocyte lnetaholiszn is not nn 
e l~ i l~henon~e l lo~~  of resllirnlory change or subs~rate nvailabili~y. 
Haeed ullnzl f l~r t l~er  inensurelllellls indicating persisting alter- 
n t i o ~ ~  nf the red l~lnod cell? we suggest the possibility of attach- 
lllellt o f a  11~111vrnl npe~~t l s l  to the cell i l l  !he r n e c l ~ a ~ ~ i s n ~  ofthis 
f e c  I e l ~ a i r l  e e c  is unirll~e, and the efl'ectorls! 
resl~unsil~le inn?. i~~crense our u~~ders tnn( l in~  of i~~ela l~ol ic  cull- 
lrul of the eryrlrri~yte nr~d of1'h.l. 

~:I.YCOI,YSIS Rccou~~ta  for appraxi~nate ly  90% of  I IUII IRI I  
red cell 111etn1~olis111, and t l ~ e  detailed ~ ~ ~ e c h a n i s n l s  of 
g lyc~~lys is  i l l  t l ~ i s  cell ore co~nparatively well understood 
!I. 2. 18 261. Pussihle effectors range in size a n d  coln- 
~ ~ l e x i t y  from s ~ ~ ~ a l l  i n o r g n ~ ~ i c  i o ~ r s  such a s  phosp l~a te  a ~ ~ d  
111ag11esiu111 t o  horn~nnes  s u c l ~  a s  e l ~ i n e p h r i ~ ~ e  a n d  g rowt l~  
Ilor~none. However, it. re111ai11s t o  be shown that  modtl- 
lat ior~ of red cell glycolytic rate, and ,  in particular, h u n i a ~ ~  
red cell glycolytic rate,  by these or  otlier agents occurs 
i l l  vivo a n d  is s i g ~ ~ i f i c a ~ ~ t  under pl~ysiological c o n d i t i o ~ ~ s .  

111 this  re l~nr t  we describe u unique response of  h u n l a ~ ~  
red cell rnet~liolism t o  a pl~ysiological s t ~ t e  of reduced 
activation induced hy thes ty l ized procedure known a s  
the  " t r a ~ ~ s c e ~ ~ d e n t a l  t ~ ~ e d i t a t i o n  t ec l~n i r~c~e"  (TM) (7-1 I, 
26). Posnil~le c l l a ~ ~ g e  of red cell n ~ e t a l ~ o l i s n ~  in th is  s ta te  
was suggestetl IJ? previous o l~servat ions  of rapid decline 
of l r l o s ~ ~ ~ a  lactate c o ~ ~ c e n t r a t i o r ~  during T M  (9. 25) 811d 
f l ~ e  fact o f n  ~ ~ ~ n j u r  r o n t r i b u l i o ~ ~  by t h e  red cell-to-tvl~ule 
Irlc~od lnclnle cotllettt in r ~ o n n n l  rest i~rg l ~ u n ~ a ~ ~ a  (141. 
Several relevnut ~rl~?siologicaI \.arinl~les Irave 11ee11 u,ell 
cl~rlrnclerizetl ( l r~ r i r~g  t l ~ i s  l~el~nr- ior ,  i r~c lud i r~g  ~ ~ ~ ~ r l l l o l l f l ~ ,  
circulatory. a n d  l~loutl gas c l ~ a ~ i g e s  ,7-11, 25). Because 
~ ) r n c t i t i o ~ ~ e r s  a re  n relatively llunlerous a n d  h o ~ ~ ~ o g e ~ ~ o u s  
iVlGR-Iil4RjU? $I.SU Co13griglll '9 l9RG the hnleriran Ph\~inlogieal Swil 

group in terms of induction of  a modified s t a t e  of phgs- 
iolog?. (1 1. 25). the  study of  th is  p l ~ e n o ~ n e n o n  a n d  the  
~nechan i sm(s )  responsible may contribute t o  better  ~ I I -  

derstanding o f  red cell metal~olic control a n d  i t s  s i g ~ ~ i f i -  
cance under 11orma1 circumstances. 

hlETHODS 

Sclhjects a r ~ d  e.rperiniet~ldprotucol. \Ve studied 32 nor- 
~ u a l  male sulljects with a t  least 6 y r  of experie~rce in this 
technique. all of w h o n ~  are  instructors of T M .  These  
i ~ ~ d i v i d u a l s  regularly elicit. th is  hehavior twice daily for 
20-40 rnin. As far as  possible. sulrjects were o l ~ s e n e d  a t  
t h e  sanle t ime betweell 1 0 3 0  a n d  I?  n.hr. in a comfortnbly 
seated arrallgement. Subjects were fasted since nrid~light. 
Uniform conditions of reasonable quiet, low-level l ig l~t -  
ing a n d  a constant. conlfortable room temperature were 
maintained; these conditions approxinlate normal cir- 
cumstances of 'I'M practice. Previous to the  day of t h e  
experiment. there  were a t  least two a c c o ~ ~ ~ o d a t i o n  periods 
(leads fbr electr~:~l~l~ysiological mo~li tor ing were at tached) 
n ~ l d  t h e  subject was asked t o  rest or  i~ract ice  'rM ill  the  
Inhoratory situation. Signed consent was also oljtnined 
a t  this  time. 

T o  minimize effect of testing a n d  interaction of  testing 
with pract.ice, an  e x p e r i m e ~ ~ t a l  t ime series design similar 
t o  one  recom~nended hy C a ~ n p h l l  a n d  Stanley (3)  wns 
used: th is  design does no t  en~p loy  a pretest period. Sub-  
jects \rere studied on two o c c a s i o ~ ~ s .  I a k  apart .  011  one 
occasion, the  sul>jects were asked to close their  eyes and 
practice I 'M for 45 min,  followed by a recovery eyes- 
open period of  3U inin. 011 t h e  other !controll o c c a s i o ~ ~ ,  
suhjects were asked to read a "relaxing" selection of their  
own choice for 45 n ~ i n  followed by a 30-min period 
without reading. T h e  sequence of practice a n d  reading 
occasions was randomized. All suhjects were told tha t  it 
was acceptable t o  sleep during practice iT t h a t  was the  
t e ~ ~ d e n c y .  

Blood s a n ~ p l i n p  was pe r fo rn~ed  twice: once during 'I'M 
a n d  once during t h e  control occssion. Prior t o  t h e  begin- 
ning measurenlents, an  arterial catheter (1.5 in. 20-gauge 
Longdwell) was placed percutaneously into a brachial 
arten.. Suhjects were not able t o  see insertion of the  
catheter,  because their arnis were placed through a slit 
curtaiil a n d  t h e  actual insertion was painless after locol 
atlesl hesia wns achieved wit11 1% lidocnine. After inser- 
t i n l ~ ,  there was a 2.5-h wait period d u r i ~ i g  which subjects 
were free to 111ot.e; th is  period was necessary, because 
v e ~ ~ i p u n c t u r e  is associated with large a l tera t io l~s  in l~ lood 
co~ls t i tuents  sucll as plasmn-free a n ~ i n o  a n d  free fatty 
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ncid. with return to hnsal levels genernlly assured after I 
I I .  Before starting the experin~ent,  suhjects were 
co~l~f r~r tab ly  seated in a quiet enclosure 6 X lj x 8 ft., 
whicl~ permitted hlood drawing outside the area without 
d i s t u r l ~ i ~ ~ g  the subject. 

T o  nlonitor occurrence of sleep. a unipolar electroen- 
ce l~ha logra~t~  IEEG), electron~yogram (EMGI. and elec- 
trooculogra~n (EOG) were recorded during practice pe- 
riods. As 8 lnarker of cognitive relaxation, phasic elec- 
t.nidern~al response (EDR) was also n~eilsured (12). 

Prepnra t io~~ of blood nnd n~clabolic nwawrenterlts. 
Eightee~l-milliliter arterial hlood sanlples were taken 
every 15 mi11 into heparinized syringes throughout prac- 
tice and after-practice periods a t  0. 1.5: 30. 45, 60, and 5.5 
I I I~I ] .  1'wo n~illiliters of blood were used for deter lni~~at ion 
of h l ~ d  gases (Radio~neter ABL Blood Gas Lohuratory. 
Rndiometer. Copellhagell. Denmark). glucose, and hem- 
ntocrit. 

'I'he remaining 16 1111 of blood were immediately placed 
in ice water nnd sul~sequently divided illto two equal 
volu~nes (all preparations were ope11 to air unless other- 
wise noted). One wns used for deter~nining rate of total 
whole blood aerobic lacttlte gene ratio^^ and concentration 
of whole l)luod lactate, and the second was used for 
n~ensuring the lactate generation rate by red hlood cells 
resuspended in "isnlogous" plasmn (i.e.. red blood cells 
from limes 0. 1.5. . . . 75 nlin were resuspended in plasma 
from the corresponding times 0. 1.5. . .  . 7.5 ~ n i n ) .  Red 
I~lood cells were separated from this second volume l ~ y  
ce~~ t r i f t~ga t i o~ l  nt 2.090 g followed by aspiration of the 
l~uffv coat an~d upper layer of red l~loud cells. Cells were 
then washed t\vo t i~nes  hy alternate resusl)e~~sion nnd 
cen t r i f i~ga t io~~ il l  isotonic ice-cold snline. The  red blood 
cells were then resuspended in their isologous plasma 
with amounts of remaining cells a ~ ~ d  plasma adjusted to 
give the salne he~natocrit  as  the original volume of whole 
blood. Both aliquots were kept a t  4°C during this pre- 
pnratory period to ensure minimal lactate generation. 
Su l~seque~~ t ly ,  l iutl~ tvhule blood and red cell-plas~nn vol- 
umes were incuhated a t  37°C in a n  atmosphere of 5% 
CO?-95% nit (Fisher isoteml~ Series 400. Fisher Scien- 
tific, Pittshurgll. PA) fur 20 ~ n i n  to replace C 0 2  lost 
during preparation (5)? to restore approxin~ately the pH 
of the sampled 1)lood. T o  check this. pH was ren~easured. 
Both volun~es were t11e11 each divided into two equal 
~ ~ o r t i o r ~ s  for aerobic incuhation a t  37 and 25°C for 90 
~ n i n .  Lactate generation rate was the11 determillet1 from 
slopes of best-lit lines throl~gh lactate conce~~trat ions 
~neasured a t  0, 30, GO. and 90 inin. T h e  incuhalion a t  
25°C was for possible enhancement of the putative effect 
on red cell metabolism a t  a different temperature. h,leas- 
urements of lactate co~~cent ra t ion  were perfor~ned in 
duplicate (utilizing a Technicon autoanalyzer (l'echni- 
con Instrun~ent,  Tarrytown, NY) by use of an e l~zvn~at ic  
n ~ e t l ~ o d  16), except that  the supernate for analysis was 
prepared hy delivery of 0.45 1111 of santple into 0.90 II I I  of 
5 N ice-cold perchloric acid followed by neutrnlizatio~~ 
w i t l ~  5.63 N I(?C03 according tu the ~ ~ ~ e t h o d s  uf Beutler 
!2). wit11 n~oclificntions of hlchlani~s (pe r so~~n l  COIIIIIIII- 
n i ca t i o~~) .  Me1111 (lifference !.?SEl I ~ e t w e e ~ ~  the known 
vnlues and rleterrrrined star~clnrcl loclnte corrcer~trations 
in the assays was 2.1 f 1.7% with correlntitlns 0.95 c r 

5 0.99. 
In addition to these aerobic incuhations. anaerol>ic 

whole blood glycolytic rate a t  25°C was measured in 20 
suhjects in the same manner, except that. blood was 
incuhated in capped syringes by the drawing of 8 ml of 
extra blood. l 'he purpose of the anaerohic measurement 
was evnluation o f t he  sensitivity of the possible metabolic 
effect to pH, hecause anaerohic pH differs markedly from 
pH during aerobic incuhation (5; and Fig. 3). 

Finally, measurements cr~lled the "plasn~a exchange 
experinlent" were perforn~ed in 14 subjects restudied in 
the same manner, except that  in the red cell nleasure- 
ments, to the separated erythrocytes of each san~ple  
(lintes 0. 15, 30, . . . min) was added plasn~n from the Lirrre 
1 1  sample, instead of their ow11 sample, and glycolytic rate 
was again measured. The  time course of glycolytic rate 
in this exchange series was then compared with the 
normal time series plasma-red cell preparations. 'l'he 
rationale' for this procedure was that  unless a persisting 
change of the erythrocyte occurs [possibly hy a t tach~nent  
of inhibitory agent(s)l? a significant trend in the normal 
series would he e l i ~ ~ ~ i n a t e d  by this separation of red blood 
cells from their isologous plasma. 

Met~bol ic  data consisted of rates of aeroljic laclnte 
generation every 15 min a t  37 and 25°C by wl~ole b lwd 
samples, by red l~lood cells suspended ill their own and 
in lime 0 plasma, and of anaerobic lactate generntioll a t  
25'C by whole blood samples. Similarily of trends of 
melaholic rate in whole hlood and red cell preparations 
would he attributed to primary contribution by red blood 
cells to the behavior-sssocinted decline of blood metah- 
olisnl. Data were analyzed in nn analysis of variance with 
groups and time as  classificatio~~ variables (241. 

RESULTS 

Figure 1 descrihes marked decline of aerobic blood 
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F I G .  I. Change uf eilller nerol~ie or anaerobic (copped syringes) 
loctote generation rele hy whole blood during and after trnnscendentsl 
meditsrion (Thl) praclice or reading control periods. Values displayed 
lur each 15-118in internal are nnenns * SE fur 32 subjecle of rslea 
expressed 89 percelntnpes of the timc 0 generelion rale. J'rocliee aerobic 
i ~ ~ r u b a ~ i u n ~  were st 3i'C lo] and  ?5'C to!: con~rol nerabic were at 37'C 
1.1 smd ?5'C 1.1. rrnctice in!  nnd sonlral (a! enaerol~ic messuremenls 
werp a1 25'C nltly. 



glycolytic rate a t  37 and 25-C during T M  c o ~ ~ ~ p a r e d  with 
either tirr~e 0 or c o ~ ~ t r o l  samples; the declir~e was larger 
a t  25"C, altl~ough the difference between the two trends 
was not sigr~ificar~t. Also s l ~ o w r ~  is the similar decline of 
anaerobic hlood glycolytic rate a t  25°C. The  practice 
trends were s ignif ica~~t  i P  < 0.001) and differed signifi- 
cantly ( P  < 0.0I) from the cot~trol measurements with 
insignificant time variations. Figure 2 illustrates corre- 
sponding trends of aerol>ic glycolytic rate by the sepa- 
rated red cell preparot io~~s incubated in  their own 
plasn~a. l'hr!se patterns were not significantly different 
from the whole blood ~i~easurementa, consistent with 
primary co~~ t r ibu t io t~  of the red cell to declit~e of whole 
hlood lactate generation. Approxi~nately 80% of TM 
subjects sl~owed decline of glycolytic rate; l'ahle 1 shows 
the dam at 0 and DO mi11 from which mean glycolytic 
rate changes were calculated for TR.1 and control occa- 
sions. Ta l~ le  2 shows i ~ ~ i t i a l  values (time 0 )  of glycolytic 
rate for the different conditions; the data agree with 
tl~ose reported previously (1, 2? 18, 26). 

Goorley and h la t sch i~~er  (5) reported a marked in- 
crease i l l  Illoud pH ULIOII exposure to air. due to loss of 
CO:. 111 this study. pH ( l u r i ~ ~ g  the 9U-min aerobic i ~ ~ c u -  
I!ations increased to approximately 8.1 for wl~ole blood 
rind the red cell prel,aratio~~s a t  3imC,  while increasing 
to n ~ ~ p r o x i n ~ o t e l ~  7.8 a t  26°C (Fig. 3).  'l'liese conditio~is 
were n~uch rnore basic than the pH of the anaerobic 25°C 
series, w l ~ i c l ~  decreased to 7.0.'1'11e initial pH values of 
all i l ~ c u b a t i ~ , ~ ~ ~  series were very sin~ilar and comparable 
to the origi~~nlly san~pled l ~ l w d  values of l'nble 3, with 
1111 s ig~~if icant  differer~ce of trends of pH change hetween 
'I'M R I I ~  co r r eqmr~d i~~g  control hlood incuhatio~~s. 

Results or the plasma exchange experiment are shourr~ 
in Fig. 4; there \vas no sig~~ificant. di l fere~~ce hetween 
tret~ds of glycolytic rate a t  25 n n d " 3 7 " ~  during this 
expe r i~~~er i t  and the trends of the llorn~al ti111e series' 
e x p e r i ~ n e ~ ~ t  i n  either the url~ole blood or red cell nieas- 

- I I Red 
Cells 

I I 

0 15 30 45 52 i 5  

Mlnules 
FII:. 2. (Ilnnngr n l ~ c r r ~ l ~ i r  l n e ~ n t e  penernliv~n role In?. ~clrnrnted en.IIl- 

rtrxler resu.s~~en;ied i n  thei r  i,an ) > I O S I I I O  duriny oml s f ~ e r  I rnnacendell- 
t n l  mnlitslihn ~'l'hll p r ~ ~ c ~ i r e  o r  rending c0111r111 I e r i ~ u l ~ .  Prnclice 
it~cuba~io~~s nl  3;'C 13) snrl 2 ' C  1c1. Ctmlnd incullotio~la at 77.C 1.1 
nlld 25'C (n!. I,lennr +. SE u l  lmercclilegcs $ 4  i n i t i n l  r e l u ~  flnr 111e smne 
sul>jecls as i l l  Fig. I. 

TABLE 1. Inilinl and 30-min lactate 
gerlerolion rate c~alues at 37°C 

Thl 

0 min 30 min 

Control 

0 min 30 mil! 

I .i 1.4 
hlean 2.9 2. I 3.0 2.9 
fl SE f 0.2 f0.1 f1J .2  ?1).2 

Values are given in rnnules per nlillililer cells per hour. 

TABLE 2. Initial lactate generation rate 

3;'C 25'C 

Whole blood aerohic 3.2 2 U.3 1.5 5 0.2 
\\'hole blood anaerobic 1 .?50 .1  
Red cell aerobic 2.9 +. U.2 1.i i 0.1 

Valuer are means + SE in rmoles per milliliter cells per hour. 

urements (Figs. I and 2). 
Conce~~trat ion of arterial lactate declined during 'CM; 

initial lactate concentration did not. differ betweeti 'I'M 
and control occasions (Table 3). Table 3 also shows that 
no signilicant variation in any group was noted of arterial 
0:: and C02 tensions (PO:: and Pco?, respectively), pH. 
base excess, hematocrit, or glucose. 

On the average. 85% of meditation ti111e in these sub- 
jects was spent in wakefulness and 15% in stage 1 slcep 
in general agreement with previous findings (7.  8. 10). 
Standard correlation analysis (241 did not reveal a rela- 
tionship hetween total sleep time or sleep stage percellt- 
age and change of generation rate. Significant decrense 
o lEDR occurred during the 'rR.1 period. Partial correla. 
t i o ~ ~  analysis (24) anlong hlood glycolytic rate, lactalc 
c ~ j ~ ~ t e ~ ~ t ,  and EDR sllowed a s ignif ica~~t  relat io~~ship be- 
tween glycolytic rate and hot11 lactale c o n t e ~ ~ t  and EDR 
(46 n ~ ~ d  40% of varia~lce of glycolytic mte, respectively). 
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I I I  sulnlnary. these results indicate decreased whole 
I~lcmd ~netabolisnl d t ~ r i ~ ~ g  'I'M: this was accoul~ted for 
111ostly Iry decline uf red cell glycolysis lnccording to 
Bartlett nnd klarlrn\v (1). 90-95% oo'T h u ~ n a l ~  blood lactate 
gel~erat io~l  is due to red cells]. This  eliect. was correlated 
with relaxation as  indicated by both electrodermal re- 
sponse and decline of plasn~a lactate concentration. Be- 
cause rate of muscle and skin lactate generation does not 
c l ~ n ~ ~ g e  t l u r i ~ ~ g ' r M  ( 7 ) .  redcell glycolysis supplies a inajor 
~ i r o l ~ o r t i o ~ ~  of total l~lood lactate (141, and decline of 
blood lactate co~~cenrrat ion in this experilllent correlates 
with d e c l i ~ ~ e  of red cell metabolism, the decrease of red 
cell ~ne t a l~o l i s~n  is all~lust certainly the lilnjor contributor 
ro rl1e (rlnsr~~n lactnle cleclir~e 17'a1~1r 3: Refs. 7, 9. 2.5). 

Altl~ougl~ we do 1101 kllo\r* the cause of this effect From 
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FIG. :I. 1111 ilnem>r f SEI durin8 whole I~Iced inruhntions nf t ron.  

~rcrtdcvnlol ~ n e c l i t s l i < t n  ('l'hll group. 1.lnts is displayed from aerobic 
incubn l i a~ t s  of b l w d  drawn durine T h l  o t  37'C lo1 and 2S'C lo): it r e s  
also drown from the same subjecls during control reading st the same 
tetnlmrotures: 3i'C (a) nnd ?5'C l m l .  Anaerobic incubation at 25'C- 
hlmd i t )  re1,p.d syringes-is also slroarr during ?'hl (A) end eonlrol 
Irl. 'l'here resulLs nre arerwes of :]I!. nnd 45-mill sample incubations 
i n  I l l  rul~jerls. 

 hi^ study. several n~echallisrns can be reduced in likeli. 
hood hased UIJOII the biocheo~istrv of the red bloocl cell -~~ ~~~ ~~~ .- . . ~~  
and the pl~ysioloe?. of TRI. ~ e d u c i i o n  of metabolism due 
to decreased glucose transport is unlikely whereas glu- 
cose is the predominant substrate of red cell glycolysis, 
and n~e t a l~o l i s~n  in some tissue is regulated by substrate 
permeability, facilitated glucose transport in the mam- 
malian red blood cell is 2- to 250-times greater than rate 
of glucose phosphorylation (17, 25). Also, mean blood 
glucose levels were unaltered during T M  (Table 3). The  
possibility that a decrease in the number of red blood 
cells is responsible for the noted decline of whole blood 
metaholism can also he eliminated, hecause hematocrit 
was virtually c o ~ ~ s t a n t  throughout the experiment (Table 
'I I <.,. 

T h e  agency of several possible red cell effectors in 
plasma that  may act a t  gl.vcolytic control steps may be 
eliminated, including the powerful effector, pH,  because 
arterial blood pH was unaltered (Table 31 and pH of 
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FIG. 4. P l a ~ m ~  exchange 61udy: cells separated from each of rimes 

(1 15. :10. 44 60. and 75 min were resuspended in lirneoplasma linsvad 
uf their own pla~llla as in F ~ E .  ? I .  hlesns * SE or percentages of inilial 
vnlue tor I 4  subjects 

TABI.F: 3. 1\1ea11 artcrial bluod gac and  lactate concet~tration ualues 

0 hlin 15 hlin 30 >lin 45 blin W hlin 75 hlin 

Y ~ I  
I'cn,, n m H g  
1'0.. tnlnHg 
Base excess. meqll 
I.octale, u m t * l l ~ ~ ~ l -  
Glucose. ~rlg!lUD ml 
lle~~~nlocrit. % 

i.4? r 0.04 
38.6 f i .? 

1W.0 f 8.U 
-0.64 f 0.3 

0.6? f 0.03 
70.0 f 8.3 
45.7 f 8.0 




