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Rhythms of enzymatic activity in maternal and umbilical cord blood 
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Abstract. The 24-h activity patterns of various enzymes were determined in human serum, red blood cells and white 
blood cells of maternal and umbilical cord blood. Blood was drawn from the brachial vein of mothers and from the 
umbilical cord within ten minutes after delivery. Corresponding blood specimens were obtained from 83 spontaneous 
labors, occurring at different hours over a period of 60 days. For each variable (variable = activity of a specific 
enzyme in one of the blood components) the results were grouped according to delivery hour, forming a 24-h pattern 
which was analyzed to elucidate time dependency. Five out of six corresponding maternal and fetal variables were 
similar with regard to pattern and peak time. The activity rhythms of glyceraldehyde-3-phosphate dehydrogenase and 
glucose phosphate isomerase in red blood cells of mothers and fetuses possessed a significant bimodal pattern. The 
activity rhythms of the latter enzyme in white blood cells and sera exhibited a significant 24-h period. Hexosaminidase 
activity exhibited a distinct 24-h rhythm in maternal white blood cells, but no significant rhythm could be detected 
in the fetal white blood cells. The activity of hexosaminidase showed, identical 24-h patterns in maternal and cord 
serum when analyzed by best fit cosine, and no significant time-dependency when analyzed by ANOVA. 
Key words. Circadian rhythms; cord blood; maternal blood; enzyme activity pattern; entrainment. 

Many physiological and behavioral variables exhibit cir- 
cadian rhythmicity in humans and animals 1 - 6. Some of 
these rhythms have been shown to be endogenous, in that 
they persist in the absence of time cues 4. Circadian 
rhythms have also been detected in animal 7, a and hu- 
man 9 - 13 fetuses; for example, in concentration of plas- 
ma hormones 7, heart rate 10, deoxy-d-glucose uptake by 
the suprachiasmatic nuclei 16 and levels of plasma corti- 
sol of human maternal and cord blood 14. However, as 
fetuses are not exposed directly to external zeitgebers, it 
is assumed that the mother's biological clock paces and 
coordinates the fetus' rhythm 7,8,14-19 
The present study was designed to examine whether en- 
zyme activities exhibit 24-h rhythms in human cord 
blood, and to compare these rhythms with those in ma- 
ternal blood at the time of delivery. The enzyme activity 
patterns were measured in red blood cells, white blood 
cells and sera. All the selected enzymes (glyceraldehyde- 
3-phosphate dehydrogenase, glucose phosphate iso- 
merase and hexosaminidase) have been shown to exhibit 
circadian rhythms in mouse tissues 2~ A circadian 
rhythm of hexosaminidase activity has also been shown 
in human plasma 3. The endogenous nature of the rhyth- 
micity has been documented for two of these enzyme 
activity rhythms 2o. 

Materials and methods 
Blood was drawn within ten minutes after delivery from 
the brachial vein of the mother and from the umbilical 
cord after it had been clamped and cut. All deliveries 
were spontaneous at term (38-42 weeks gestation). The 
pregnant women rested in the delivery room, exposed to 
normal daylight and darkness, until the delivery. They 
were given the normal hospital meals at 08.00, 12.30 and 
17.30 hours. The mothers gave their consent in each case. 

Each specimen was divided between a heparinized test 
tube (to obtain blood cells) and a non-heparinized one 
(for serum). White blood cells (WBC) were isolated by 
differential centrifugation with polyvinyl pyrolido122, 
and the clean pellets were suspended in 1 ml of distilled 
water. The suspensions were then sonicated for 30 s 
(Branson B-12 sonifler, 8 microns peak to peak) and 
centrifuged (10 000 g for 10 min). The supernatants were 
used for enzyme activity determinations. Red blood cells 
(RBC) were washed twice with SKG solution (Physiolog- 
ical saline with 0.04% KC1 and 0.1% glucose) and 
hemolyzed with 10 vols of water. RBC and serum were 
obtained from 83 paired maternal and fetal samples, and 
WBC from 63 pairs. Glucose phosphate isomerase (GPI) 
activity was assayed in all three blood components 23. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPD) 
activity was measured only in RBC hemolysates a4 and 
beta-N-acetyl-glucosaminidase (hexosaminidase, HEX) 
activity was assayed in serum and WBC 25, 26. GPI and 
GADP activities are monitored by a Gillford spec- 
trophotometer and that of HEX by a fluorescence spec- 
trometer (Perkin Elmer LS-5B). 
Activity units of RBC enzymes were defined as change in 
OD/min/g% hemoglobin, those of WBC enzymes as 
change in OD/min/mg protein, for GPI activity, and 
nmols of substrate cleaved per hour per mg protein for 
HEX activity 27. Serum GPI activity was defined as 
change in OD/min/ml and that of HEX activity as nmols 
of substrate cleaved per ml per hour. The values obtained 
for each variable were pooled according to time of deliv- 
ery for six time-points equally spaced over twenty-four 
hours, to produce a 24-h activity pattern. The activity 
units of each class were averaged, the highest value of 
each pattern was defined as 100% and the rest of the 
values were computed accordingly. The same procedure 
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was appl ied separately to ma te rna l  an d  cord samples. 

The pa t te rns  ob ta ined  were analyzed by one-way 
A NOVA to elucidate the presence of  an y  signif icant  t ime- 
dependen t  enzymat ic  activity. In  addi t ion ,  best  fit cosine 
analysis2S, 29 was used to de termine  whether  a pa t t e rn  
exhibi ted a s ignif icant  24-h periodicity,  a n d  if  it did to 
compu te  the peak t ime (acrophase) a n d  ampl i tude .  In  the 
case of  b imoda l  pa t te rns  the best  fit cosine analysis  as 
modif ied  by  Vokac an d  Vokac was appl ied 3o. Two-way 

A N O V A  was used:  one factor  with 2 levels (mother  vs 
fetus), the second factor  with 6 levels (t ime points) ,  to 
elucidate similarities or differences be tween ma te rna l  and  

fetal activity pa t te rns  of  each enzyme.  

Results 
The 24-h pa t te rns  of  the examined  variables  are present-  
ed in  the figure. A N O V A  analysis  of  each pa t te rn  re- 
vealed s ignif icant  t ime-dependen t  pa t te rns  in all except 
those of  cord b lood  H E X  an d  ma te rna l  se rum HEX.  
R B C  enzymes showed a signif icant  b imoda l  pa t t e rn  
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24-h activity patterns of enzymes in serum, WBC and RBC of maternal 
and cord blood. GPI; Glucose phosphate isomerase. GAPD; Glyceralde- 
hyde-3-phosphate dehydrogenase; HEX; hexosaminidase. 

Table 1. ANOVA analysis of activity patterns 

Variable Source Pattern p value = 

521 

RGPI MO bimodal 0.0163 
RGPI CO bimodal 0.0079 
RGAPD MO bimodal 0.0005 
RGAPD CO bimodal 0.0035 
SGPI MO unimodal 0.0035 
SGPI CO unimodal 0.0001 
WGPI MO unimodal 0.0003 
WGPI CO unimodal 0.0500 
WHEX MO unimodal 0.0001 
WHEX CO . . . . . . .  0.9802 * 
SHEX MO . . . . . . .  0.2239 * 
SHEX CO . . . . . . .  0.3466 * 

*not significant; MO-mother, CO-cord; S-serum, W-WBC, R-RBC. 

Table 2. Rhythm parameters of enzyme activity in mothers and fetuses 
analyzed by best fit cosine 

Enzyme Period Amplitude peak-time 

SGPI-MO* circadian 27.0 (6.6) 0.4 (0.5) 
SGPI-CO* circadian 39.8 (8.1) 0.2 (0.4) 
RGPI-MO semi** 29.6 (2.9) 14.3 (0.3) 
RGPI-CO semi 38.9 (4.3) 15.5 (0.3) 
WGPI-MO circadian 47.0 (3.4) 18.4 (0.2) 
WGPI-CO circadian 30.0 (3.2) 20.3 (0.4) 
RGAPD-MO semi 26.4 (8.0) 2.3 (0.3) 
RGAPD-CO semi 23.6 (5.8) 2.4 (0.2) 
SHEX-MO circadian 11.1 (2.9) 5.5 (1.0) 
SHEX-CO circadian 9.1 (2.0) 6.1 (0.5) 
WHEX-MO circadian 27.3 (5.0) 8.2 (0.4) 
WHEX-CO . . . . . . . . . . . . . . . . . . . . .  

* MO-maternal, CO-cord; S-serum, W-WBC, R-RBC; ** semi-semicir- 
cadiau. All periods were significant (p<0.05); The term circadian was 
applied to unimodal patterns and semi to bimodal; no signifi- 
cant rhythm. The numbers in parentheses are standard errors; Amplitude 
is expressed as percentage of the mesor (the pattern's mean activity); Peak 
time is given in hours and minutes. 

while the others had  u n i m o d a l  pat terns .  Best fit cosine 
analysis,  detai led in  table 2, gave the same results except 
that  by this analysis  H E X  activity in sera also exhibi ted 
a s ignif icant  24-h pa t t e rn  ( though with a very low ampli -  
tude). 
The ampl i tude  and  peak t ime of  P G I  activity rhy thms  
were different a m o n g  the three b lood  c o m p o n e n t s  
(table 2; SGPI ,  R G P I ,  WGPI ) .  These results are in agree- 
men t  with previous  studies which  demons t r a t ed  indiv idu-  
al tissue cont ro l  o f  enzyme activity r h y t h m  2'2~ 

Two-way ANOVA demons t ra t ed  that  except for W B C -  
HEX,  all o ther  co r respond ing  examined  variables,  in 
mother ' s  and  cord blood,  exhibi ted identical  r h y t h m  pat-  
terns with regard to peak times (table 3). W B C - H E X  of  
umbi l ica l  cord  had  no  defined r h y t h m  pat tern ,  while the 
activity pa t t e rn  of  the same enzyme in the mother ' s  W B C  
possessed a s ignif icant  24-h rhy thm.  
F o u r  of  the variables  (WB C -GP I ,  s e rum-GPI ,  RBC-  
G A P D  and  W B C - H E X )  exhibi ted similar  24-h activity- 
means  (mesors) in  bo th  cord and  ma te rna l  b lood,  while 
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Table 3. Comparison of maternal and fetal enzyme activity patterns 
(two-way ANOVA) 

Enzyme p value 

RGPI 0.793 
RGAPD 0.950 
SGPI 0.579 
WGPI 0.318 
SHEX O.57O 
WHEX 0.008 * 

* Patterns differ significantly; S-serum; R-RBC; W-WBC. 

the activity-mesors of RBC-GPI and serum-HEX in cord 
blood were 1.3 times higher then that of the respective 
mean activities in maternal blood. 

Discussion 
When individuals of the same species are exposed to 
similar environments, they usually exhibit comparable 
rhythms for given variables. Thus, if sequential sam- 
plings from a single individual are not possible, a rhythm 
for a variable can be constructed by combining results 
obtained from different individuals, each examined at a 
different time 32. This approach was adopted in the 
present study in order to measure enzymatic activity pat- 
terns in three components of maternal and cord blood. 
These three surveyed blood components are different 
biological entities. Serum is an extracellular milieu; 
WBC contain nuclei and protein synthesis apparatus, 
whereas RBC do not. Since the activity of an enzyme 
may exhibit different rhythm parameters in different tis- 
sues 2, 20, 21, 31, we use the term 'variable' to define the 
activity pattern of an enzyme in a specific blood compo- 
nent and consider each as a separate variable. For most 
variables which have been examined, and which exhibit- 
ed defined rhythms in both mothers and their fetuses, the 
patterns of the respective rhythms were similar, both in 
humans and in animals 1~ 17,24 In some, like the 
rhythm of adrenal steroids in humans and rhesus mon- 
keys 7, 34, a phase shift between mothers and fetuses was 
recorded. 
In the present study the peak times of four of the exam- 
ined variables were similar in both maternal and cord 
blood (ANOVA and best fit cosine analysis), all having 
significant unimodal (SGPI WGPI) or bimodal (in RBC) 
rhythms. It should be noted that the significant 24-h 
rhythm of serum- HEX activity elucidated in our study 
by best fit cosine analysis (but not by ANOVA) has also 
been documented in human plasma 3 
The lack of any defined rhythm in WBC-HEX activity of 
umbilical cord suggests either that the oscillatory pattern 
of this variable develops postnatally 34, or that the oscil- 
lator had not yet been entrained and still exhibited a 
free-running rhythm. Only repeated sampling of a single 
fetus (and not group sampling) could distinguish between 
these two possibilities. 
Our observations cannot yet conclusively determine 
whether the rhythms represent an output of the circadian 

system (persist under constant conditions) or result from 
being entrained by endogenous circadian metabolic sig- 
nals. It should be noted, however, that in humans only a 
few variables have been examined with regard to the 
presence of endogenous rhythmicity, and in none of these 
studies were enzymatic activities analyzed. On the other 
hand, animal studies do demonstrate that the activity of 
many enzymes posseses an an endogenous circadian 
rhythm 3s'36. For example, we have documented the 
presence of circadian rhythmicity of GAPD and GPI in 
murine tissues 2~ Assuming that similar mechanisms 
govern the circadian rhythms in human and other mam- 
mals 4, 6 we can deduce that the activity rhythms of hu- 
man enzymes reflect, either directly or indirectly (modu- 
lated by metabolites or cofactors), the presence of an 
endogenous circadian pacemaker. Consequently, it is 
reasonable to suggest that the rhythms of the variables 
examined in our study should also be included in the 
domain of circadian rhythms. Furthermore, the fact that 
the fetus' rhythms are very similar to the respective 
rhythms of the mother seems to support the idea that 
maternal entrainment of fetus functions occurs in hu- 
mans as well as in other mammals 15-17 
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Green leaf volatiles interrupt aggregation pheromone response in bark beetles infesting southern pines 
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Summary. Green leaf volatiles were shown to interrupt responses to aggregation pheromones of three species of bark 
beetles (Coleoptera: Scolytidae) which infest pines in the southern United States [the southern pine beetle, Dendroc- 
tonusfrontalis Zimm. ; the four-spined engraver, Ips avulsus (Eichhoff); and the five-spined engraver, Ips grandicollis 
(Eichhoff)]. The order of effectiveness of the compounds tested for each species was hexanal > hexanal + hexan-/- 
ol > hexan-l-ol. Neither hexanal, hexan-l-ol nor hexanal + hexan-l-ol was as effective in interrupting pheromone 
responses of D. frontalis as verbenone, a known inhibitor of this species. Other than interspecific chemical signals, 
this is the first report of an interruptant for Ips species, and the only report of a pheromone interruptant active for 
both Ips and Dendroctonus species. 
Key words. Inhibitor; antiaggregation pheromone; bark beetle; green leaf volatile; Dendroctonus frontalis; Ips 
avulsus; Ips grandicollis. 

We have discovered that green leaf volatiles interrupt 
pheromone responses of three species of cohabiting bark 
beetles (Coleoptera: Scolytidae) [the southern pine 
beetle, Dendroctonusfrontalis Zimm. ; the four-spined en- 
graver, Ips avulsus (Eichhoff); and the five-spined en- 
graver, Ips grandicollis (Eichhoff)] which infest pines in 
the southern United States. This is the first report of an 
interruptant for Ips species other than response interrup- 
tion by chemicals emitted by cohabiting Ips species 1.2, 
and the only report of a pheromone interruptant active 
for both Ips and Dendroctonus species. We hypothesize 
that the green leaf volatiles have their effect by providing 
an inappropriate host stimulus, i.e. a broad-leafed plant, 
and that, therefore, these compounds may serve to inter- 
rupt response of other forest insects to their attractants. 
The orientation of bark beetles to Conspecifics and host 
trees is largely governed by insect-produced aggregation 
pheromones and host tree-produced volatiles which may 
enhance responses to the pheromones 3.4. Among sym- 
patric bark beetle species, interspecific interactions may 
occur in which pheromones produced by one species may 
either enhance responses of other species to their aggre- 
gation pheromones 5, or inhibit responses of other spe- 
cies to their aggregation pheromones 1.2. Antiaggrega- 

tion pheromones, such as verbenone for Dendroctonus 
frontalis (Zimm.)6, also may be produced and function 
to prevent overcrowding by switching of attack from 
previously attractive trees. 
Green leaf volatiles are six carbon alcohols, aldehydes, 
and their derivatives, e,g. acetates, which are produced 
by plants as a product of oxidation of surface lipids 7 
These compounds have been assigned several roles in 
insect behavior, including: 1) host plant finding by 
phytophagous insects s - l~  2) enhancement of insect 
pheromones 11-13; and 3) host finding by parasitoids of 
lepidopterous larvae 14,15 
A series of field tests were conducted involving one or 
more of the sympatric bark beetle species to determine 
the effects of the green leaf volatiles, hexan-l-ol and 
hexanal, on their responses to aggregation pheromone 
blends. Our first field test investigated the effects of the 
green leaf volatiles on responses of D. frontalis to its 
aggregation pheromone, frontalin, and a host synergist, 
southern pine turpentine 16, 17. Verbenone, a known an- 
tiaggregation pheromone of D. frontalis 6, also was in- 
cluded. Both hexan-l-ol, hexanal, and the combination 
of the two odors, interrupted the pheromone response of 
D. frontalis (table, A. ; p < 0.05). The interruptant effect 


