Psychobiological Effects of Carbohydrates
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The authors studied whether the fatiguing effects of eating lunch are greater for carbohvdrate-rich meals than
for other meals. and related the time course of behavioral change to plasma glucose. insulin. and amino acids.
On different occasions. in counterbalanced order. normal women (N =7) fasted overnight. ate a standard break-
fast. and at lunch either continued to fast or ate a high-carbohydrate. low-protein meal: a hedonically simiiar
meal containing both carbohydrate and protein: or a high-proteir, low-carbohvdrate meal. Meals were isocaloric
and equated for fat content. Only the carbohvdrate meal significantly increased fatigue. which could not be
anribuied 10 hypoglycemia because plasma glucose remained elevated. Farigue began approximately when the
carpohydrate meal elevated the plasma tryptophan ratio but ended even though the ratio remained zlevated.
Fatigue after a high-carbohydrate lunch could not be explained by reactive hypoglvcemia or sweet taste. and
could partially be explained by the hypothesis that fatigue parallels an elevation of the tryptophan ratio.

Behavioral change after intake of carbohydrate-rich
foods has been documented in normal humans.' Fatigue™
and impaired performance on tests of concentration and
speed " occur approximately 2 hours after carbohydrate
consumption. Alertness has been lowered to a greater ex-
tent by both simple and complex’ carbohydrates than by
protein‘” or fasting."” but a full comparison of a high-car-
bohydrate meal to fasting. high protein. and baianced
meals has not previously been reported. We perrormed
this comparison to determine the extent to which the rfa-
tiguing erfects of eating lunch are greater for carbohy-
drate-rich meals than for other meals. To examine the
mechanism underlyving postlunch drowsiness. we studied
the time course of fatigue in relation to plasma glucose.
insulin. and the ratio of plasma tryptophan to other iarge
neutral amino acids (LNAA).

Because carbohvdrate test meals are tvpically sweet.
dessert-tvpe foods. either the hedonic taste propertes of
these meais or their nutrient composition could underly
behavioral effects. To vary both hedonic and nutrient
properties. we compared three different meals against a
fasting condition. Two meals were hedonically sirmiar
(sweet. dessert-type foods) but nutritionally different.
One (CHO meal) was rich in carbohydrate and protein-

From the Department of Psychology. UHS/The Chicago Medical
School. North Chicago. lllinots 1Dr. Spring): the Department of Internal
Medicine. Tempie University Medical School. Philadelphia (Dr. Chiodor: the
Departments or Food and Nutrition (Dr. Haraen,. Pediatrics (Dr. Bouracots
and Mr. Masons. and Physiciogy. (Dr. Lutherer). Texas Tech University
Health Science Center. Ludbock. ’

Supported in part by a grant from the Institute for Nutntional Scicnces
and the Graduate School. Texas Tech University.

The authors thank Debra Hamer. Sherry Crowell. Geotrrey Suopc. und
Ray \alencia ror assistance in data collection and Rita Tsay. Chier Re-
search Dietician. MITCRC. for deveioping the recipes.

Repnint requests to: Bonnie Spring. Ph.D. Department of Psychoiogy.
UHS/The Chicago Medical School. 3333 Green Bay Road, North Chicago.
IL 60064.

J Clin Psvchiatry 50:5 (Suppl), May 1989

(J Clin Psxchiatry 50[5, Suppl]:27-33. 1989

poor: the other (balanced meal) contained a mixture of
protein and carbohydrate. A third (protein meal) was rich
in protein. carbohydrate-poor, and bland in taste.

METHOD

Subjécts ~.

Seven normal women between 18 to 29 vears ot age
participated in the study. None had a history or diabetes.
hvpoglvcemia. eating disorder. obesity. substance abuse.
or psychiatric hospitalization. Screening procedures aiso
excluded any subject who had. in the past 6 months. met
Research Diagnostic Criteria’ for mania. hypomania. or
major depression. Also excluded were subjects taking any
medication. including birth control pills. Before entering
the protocol. subjects were examined by a physician to
ensure that thev were in good physical heaith and not at
risk from study procedures. After a full explanation of the
study. subjects gave written informed consent: they were
subsequently paid for their participation.

Procedure

Betore 4 test days separated by 1-week intervals. sub-
jects fasted from 8:00 p.m. At 7:30 a.m. the rollowing
morning, thev arrived at the laboratory and ate a standard
breakfast. The breakfast was two pieces of whole wheat
toast with '/2 tbsp butter and 1 tbsp jam. 4 oz orange juice.
and 1 cup skim milk. With breakfast. subjects aiso drank
their usual amount of coffee or tea. as determined prior to
study entry, to avoid caffeine withdrawal. Then they re-
mained in the laboratory. refrained from eating or drink-
ing anything except water. and engaged in sedentary
activities of their own choosing for the remainder of the
morning.

At 11:00 2.m.. an indwelling intravenous catheter was
inserted into each subject’s antecubital fossa region. distal
forearm. or hand 10 permit blood sampiings. Blood was
drawn 30 minutes before lunch and 45. 90. 135. and 165
minutes after the meal. Mood and performance were as-
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sessed 45 minutes before lunch and 30. 75. 120, and 150
minutes after eating. Subjects consumed the test meals or
fasted between 12:15 and 12:45 p.m. The meals. given in
counterbalanced order. were carbohvdrate 1Ufith. bal-
anced lunch. protein lunch. or no lunch. Subjects were
tested as a group. including at least one individual who
received each test meal. to minimize any potential infiu-
ence of experimenter expectancies on the dependent mea-
sures.

Test Meals

The protein lunch was turkey breast salad. It consisted
of 318.8 g turkey breast with mayonnaise and supplied
105 g protein, 33.3 g fat, and 780 calories. The carbohy-
drate and balanced lunches were both six sweet-tasting,
cookie-like lunch bars. The carbohvdrate meal supplied
105 g CHO: 0.7 g protein. 42.7 g fat. and 799 calories.
The balanced meal. providing carbohyvdrate and protein in
approximately a 3:1 ratio. supplied 76 g CHO. 27.7 ¢
- protein. 40 g fat. and 774 calories. Both the carbohvdrate
and balanced meals supplied a mixwre of complex and
simple carbohvdrate in a 2.9:1 ratio for the carbohvdrate
lunch and a 2.6:1 ratio for the balanced lunch. The carbo-
hydrate lunch was identical to the test meal used in two
prior studies on the behavioral effects of carbohyvdrate.””
The same protein meal has also been studied previousiy.*”

Mood Tests

Mood was assessed by the Profile of Mood States
(POMS)." The POMS presents 65 self-descriptive adiec-
tives that are rated on 5-point scales to describe the sup-
ject's mood. The “‘right now™ version of the test was
used. The POMS vields scores on six-factor. analytically
derived scales that describe the full range of normal mood
tluctuations: tension-anxiety. depression-dejection. anger-
hosuiity. vigor-activity. fatigue-inertia and confusion-be-
wilderment. All scales possess internal consistency
reliabilitv values in the range of .90 and evidence of con-
" struct and predictive validity."

The Visual Analogue Mood Scale (VAMS) supplied an
additional measure of mood.~ Subjects received 32 sheets
of paper. each showing a 128-mm line labeled with a dif-
ferent potenuially self-descriptive adjective. The instruc-
tions were to mark the line at the point corresponding to
the subject’s mood at the moment. Marking the left end of
the line signified that the mood was completely absent:
marking the right end of the line signified that the mood
was maximally present. Scales were scored by measuring
the distance in millimeters from the left end of the line to
the subject’s mark. Prior factor analysis of the VAMS™"
indicate that the responses can be summarized by three
factors: alertness. dvsphoria. and calmness. Factor
scores. computed for each subject by means of weights
from the factor score coefficient matrix.” were used as the
dependent variables for analysis.

The Stanford Sleepiness Scale (SSS). a 7-point self-
rating scale. was used to quantify progressive increments
in sleepiness.” The SSS has been successfully validated
against subjective state and performance under sleep dep-
rivauon.”

Performande Tests *

The Digit Symbol Substitution Test (DSST). a subtest
of the Wechsler. Adult Intelligence Scale-Revised.” was
used as a speeded test of psychomotor performance. Sub-
jects were given a key that associated a set of svmbols
with digits. The task was to draw the correct symbols into
empty boxes that were positioned beneath a string of dig-
its. The subject had 90 seconds to complete as many items
as possible. Scores on the DSST assessed visual-motor
coordination and speed.

A letter cancellation test measured concentration. Sub-
jects received a form showing six long strings of upper
case letters: each string was preceded by three target let-
ters presented in lower case. The task was 10 detect and
delete as many target letters as possible in 60 seconds.
Equivalent forms of the test were administered in counter-
balanced order.

An addition task served as another speeded test of con-
centration. Subjécts were given a form that showed 15
horizontal arrays of 8 digits. The task was to mentally
group the numbers into two double-digit numbers at the
left and two at the right. and to add the pairs of numbers.
Subjects completed equivalent forms of the test in coun-
terbalanced order. '

Plasma Constituents  ~ .

Blood samples were divided into two aliquots: onc
with EDTA anticoagulant and one without anticoagulant.
The anticoagulated aliquot was centrifuged and th2 piasma
coliected tor giucosc and amino acid determinauon. The
giucose measurement was performed within 10 minutes
of the separation. The remainder of the plasma was frozen
at —20°C until the amino acid analvses. The aiiquot
without anticoagulant was allowed to clot at room temper-
awre and was centrifuged. and the serum was removed
and frozen at —20°C until the insulin assay was per-
formed.

Plasma glucose was determined by the glucose oxidase
method with a Beckman Glucose Analvzer 2 (Beckman
Instruments. Dallas. Tex.). Intra-assa\ and interassay var-
1ability were 0.92% and 3.4%. respectively. Serum insu-
lin levels were determined by solid-phase 1 radioimmu-
noassay using a commercially available kit (Coat-A-Count
by Diagnostic Products Corporation. Los Angeles.
Calif.). Intra-assay and interassay variability were 11.3%
and 4.1 % respectively.

Trichloroacetic acid (TCA) was used to deproteinize
the samples for amino acid anatysis™: 0.75 mL plasma
was mixed with 0.25 mL of a solution containing 8%
TCA and 0.4 M citrate buffer. After 30 minutes’ refriger-
ation. centrifugation at 12,000 G for 43 minutes resulted
in 0.65 mL of clear supernatant at a pH of 2.4-2.8. which
was loaded onto a Beckman 12! automated amino acid
analyvzer. Aliquots of 0.25 mL were automatically injected
into each column. with a maximum of no more than 16
hours™ waiting time for overnight runs. Tryptophan was
analvzed by using a 70 X 9 mm column of PA-33 resin.
Elution was accomplished by using a 0.2 M citrate buffer
at pH 5.20. All other LNAA were analyzed on a 320 x 9
mm column of AA-15 resin. The first butfer was 0.20 M



Figure 1. Profile of Mood States Fatigue Reported Before and
After Eating a High-carbohydrate, Low-protein Lunch (CHO!, a
High-protein, Low-carbohydrate Lunch (Protein), or a Balanced
Lunch Containing Both Carbohydrate and Protein (Balanced) or
Fasting (No Meal)
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citrate at pH 3.25. followed by a butfer change at 140
minutes to 0.20 M citrate. pH 4.25. Pumping speed was
70 mL hour. with column temperature maintained at
54¢C. allowing tryptophan and the other LNAA to be ana-
lvzed alternately.

Data Analysis :

Data were analvzed by repeated measures analyvsis of
vartance with meal and time as within-subjects ractors.
Signiricant interactions between meal and time were inter-
preted by supplementary comparisons using the Newman-
Keuls test. On the basis of prior findings. = we hypoth-
esized that the carbohydrate meal would cause drowsiness
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and performance impairments 2 hours after lunch. and
would. concurrently, elevate the ratio of tryptophan to
othet LNAA. Therefore. in the %bsence of significant
meal X time interactions. we undertook planned ortho-
gonal contrasts™ to test the prediction that 120 minutes
after eating. the carbohydrate lunch. as compared with
fasting. would increase fatigue. decrease vigor. decrease
performance. and elevate the tryptophan ratio.

RESULTS

Mood .

Figure 1 shows self-reported fatigue after each of the
test meals. Subjects reported significantly greater fatigue
2 hours after eating the carbohydrate lunch than after skip-
ping lunch (t=2.17, df=24, p<.05. two-tailed test,
planned orthogonal contrast). Although hedonically simi-
lar 1o the carbohydrate meal. the balanced lunch did not
cause greater fatigue than fasting, nor did the protein
meal.

Table 1 shows scores for the other activational mood
scales: POMS vigor. VAMS alertness. and SSS. Subjects
reported the greatest proportional decrease in vigor
(46.7%) 2 hours after eating the carbohydrate lunch. but
differences from the other meal conditions were not sig-
nificant. Neither the VAMS alertness scale nor the SSS
detected changes in mood as a result of eating.
Performance

Data for the three performance tests are shown in
Table 2. Eaung did not significanily intluence periorm-
ance. The general tendency was tor scores (o improve
over time. except that throughout the afternoon arter the
carbohydrate lunch. letter cancellation was somewhat
worse than at baseline.

Plasma Constituents

The test lunches had ditferential effects on plasma glu-
cose (F=2.95. dt=12.120: p<.01). as shown in Figure
2. From 45 through 165 minutes after eating. the carbohy-

Table 1. Mood Scores Before and at Intervals After Eating Lunches of Different Nutrient Compositions*

Minutes Aflter Lunch

Scale and Baseline 30 73 120 130
Meal Condition Mean SD Mean sD Mearn SD Mean SD Meun SD
POMS Vigor
Fast 17.13 8.32 1314 7.36 13.29 4.82 13.86 7.47 14 43 3.58
Protein 10.71 6.45 9.37 7.02 9.14 6.09 $.14 6.87 10.2y 5.19
Bulanced 16.43 6.50 12.71 6.30 12.86 8.61 14.86 7.93 17.14 8.9
CHO 17.43 8.79 13.43 5.7 11.29 298 9.29 328 15.00 4.35
VAMS alent
Fast 8.98 0.389 8.39 0.66 9.41 0.81 9.02 0.74 9.31 0.73
Prote:n 9.14 0.92 8.69 0.67 8.49 0.43 8.76 .82 8§71 0.62
Balanced 9.22 0.77 8.45 0.79 8.4 0.43 3.83 0.66 8.36 0.78
CHO 9.30 0.58 3.39 0.4 8.83 0.41 8.84 0.87 8.67 0.85
SSS
Fast .87 1.72 2.9 0.76 2.00 0.82 1.71 0.76 1.57 0.79
Protein 314 1.07 .37 0.79 237 .13 100 1.18 2.7 1.25
Baluanced 204 1.07 .57 1.27 24 079 2.57 079 24 0.90
CHO 243 0.98 2.9 0.9 2.3 0.79 2.57 0.98 214 0.09

“Abbreviatenas: CHO =carbohvdrate-nich, prowein-poor meal. POMS = Prorile of Mood States seade: S8S = Stantord Sleepiness Scale. VAMS = Visuil Anaingue Mo

Scule.

J Clin Psvchiatry 30:5 (Suppl), May 1989

29



. Sﬁrihg ct al.

Table 2. Performance Scorcs Before and at Intervals After Eating Lunches of Different Nutrient Compasitions® *

Minutes Afier Lunch

Test and

Baseline 30 75 . 120 s 150
Meal Condition Mean SD Mean ™" SD” Mean SD Mean SD Mcan SD
Letter Cancellation
Fast 11.29 4.23 11.71 3.95 12.57 4.6l 13.14 3.39 12,14 4.38
Protein 9.86 ki 12.00 2.00 11.86 3.94 13.00 2.58 10.71 2.81
Balanced 10.43 1.08 11.86 4.56 11.29 3.82 11.86 6.20 1.7 3.55
CHO 11.86 4.60 11.71 5.59 10.71 4.07 10.43 2.51 10.43 2.88
Addiuon
" Fast 13.29 5.82 13.14 1.27 14.14 5.37 15.29 6.68 15.7 7.43
Protein 14.71 6.92 14.43 8.64 14.00 6.27 15.00 7.07 14.14 6.67
Balanced 12.00 7.46 15.14 8.49 14.29 6.80 14.86 6.74 15.14 7.20
CHO 12.57 6.37 12,57 6.05 12.57 5.32 13.29 5.47 13.29 1.27
DSST _
Fast 72.29 11,74 78.57 11.33 3271 11w §3.71 8.69 84.00 8.47
Protein 81.29  18.45 82.00 14.21 8229 12.84 83.00 1256 8271 1445
Balanced 81.43  13.51 81.71  11.83 $3.57  10.71 83.71 981 8386 10.96
CHO 76.86  13.12 7942 11.86 81.57 8.90 84.71 8.22 82.71  11.27

*Aboreviations: CHO =caroohvdrate-rich, protein-poor meat. DSST =Digit Symbol Subsurution Test.

drate-rich, protein-poor lunch elevated plasma giucose
more than the protein meal. the balanced meal. or fasting.

The meals also differenuially affected serum insulin
(F=4.52.df=12.120: p<.001). Glucose elevations fol-
lowing both the carbohydrate and balanced lunches were
sufficient to trigger insulin release. as shown in Figure 3.
By 45 minutes after the baianced meal and 90 minutes
after the carbohvdrate meal. insulin exceeded the level
produced by eating protein or fasting. '

Each meal produced a specific pattern of change in the
combined plasma levels of the LNAA: leucine. iso-
leucine. valine. tvrosine. and phenyvialanine (F=12.95.
dr=12.120: p<.001). From 45 minutes afier tunch on-
ward. the protein lunch increased these LNAA signifi-

Figure 2. Plasma Glucose (mg/dL) Before and After Eating a
High-carbohydrate. Low-protein Lunch (CHO). a Low-carbohy-
drate Lunch (Protein). or a Balanced Lunch Containing Both
Carbonvdrate and Protein or Fasting
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cantly more than any other meal. and the balanced meal
increased them more than the carbohydrate lunch or fast-
ing. Moreover. by 135 minutes after lunch and onward.
the carbohvdrate lunch significantly decreased these
LNAA 10 a greater extent than any other meal or fasting.
Both protein and balanced meals but not carbohvdrate or
fasung also increased “plasma tryptophan significantiy
{F=2.49. df=12.120: p <.01). Consequently. the meals
had different effects on the ratio of plasma trvptophan to
the other LNAA (F=2.12,df=12.120: p < .05). The pro-
tein meal increased tryptophan less than it increased the
other LNAA: it. therefore. lowered the ratio of plasma
trvptophan to the other LNAA. The decrease in the tryp-

.tophan ratio was relative to both other meals and fasting

from 45 to 135 minutes after eating. and relative only to

Figure 3. Serum Insulin (uIU/mL) Before and After Eating a
High-carbohydrate, Low-protein Lunch (CHO}. a Low-carbohy-
drate Lunch (Protein). or a Balanced Lunch Containing Both
Carbohydrate and Protein or Fasting
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Figure 4. The Ratio of Plasma Tryptophan (Trp) to the Sum of
Plasma Tyrosine (T), Phenylalanine (P), Leucine (L), Isoleucine
(D, and Valine (V) Before and After Eating a High-carbohydrate,
Low-protein Lunch (CHO), a Low-carbohvdrate Lunch (Protein),
or a Balanced Lunch Containing Both Carbohydrate and Protein
or Fasting
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the carbohvdrate meal by 165 minutes after lunch. The
balanced meal elevated plasma trvptophan approximately
proportionally to the other LNAA. leaving the ratio rela-
tively constant. By failing to alter trvptophan but by low-
ering the other LNAA, the carbohydrate lunch sigmfi-
cantiy eievated the tryptophan ratio compared with fasting
from 135 to 165 minutes after eating.

DISCUSSION

These results indicate that a high-carbohvdrate. low-
protein meal eaten as lunch caused fatigue in heaithy
women 2 hours arfter eating. Neither a high-protein. low-
carbohvdrate meal nor a balanced lunch containing a mix-
ture of carbohvdrate and protein significantly increased
fatigue in this population. There was no evidence to sug-
gest that eating carbohydrates caused a mood of high en-
ergy (the “sugar buzz ™) or depression (the “*sugar blues™)
in these healthy voung women.

Three mechanisms have been proposed to explain the
behavioral effects of high-carbohvdrate. low-protein
foods: hedonic properties. hypoglycemia. and enhanced
synthesis of the brain neurotransmitter serotonin.’ Many
carbohvdrate-rich foods combine sugar(s) with fat. mak-
ing a highly palatable sweet taste. " It seemed possible that
the hedonically appealing sweet taste of a carbohydrate-
rich food or its pleasant associations with dessert might
have behavioral consequences. If so, we would expect
comparable etfects from both the balanced and the carbo-
hydrate-rich lunches because both were sweet, high-fat.
desscert-tvpe foods. That the balanced lunch failed to

J Clin Psychiatry 50:5 (Suppl), May 1989
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increase fatigue is inconsistent with a hedonic explana-
tion.

A second mechanism by whicN carbohydrates might
induce behavioral change is by triggering reactive hypo-
glvcemia.” When given in excess exogenously, insulin
can profoundly lower plasma glucose sufficiently to affect
brain glucose. Epinephrine secretion. triggered by hypo-
glycemia. causes both a compensatory breakdown of gly-
cogen into glucose and clinical symptoms. including
trembling and weakness. It has been proposed that eating
sugary foods can also trigger hypogiycemia and its associ-
ated symptoms. The putative mechanism is that such
foods cause a sharp rise in plasma glucose that. in twm.
triggers oversecretion of endogenous insulin. A reactive.
plasma glucose fall to a hypoglycemic level allegedly
causes the behavioral effects of carbohydrate foods.™ "

If fatigue were a symptom signifying hypoglycemia,
we would expect to find lowered plasma glucose at the
time when the symptom occurred. Fatigue emerged 120
minutes after the carbohyvdrate lunch: the temporally clos-
est blood sample was 135 minutes after eating. By con-
servative criteria (plasma glucose less than 80 mg/mL),
no subject exhibited hypoglycemia at approximately the
time when fatigue occurred. In fact. in comparison with
fasting. plasma glucose remained significantly elevated at
this time. Clearly, then. fatigue following a high-carbohy-
drate. low-protein meal cannot normally be attributed to
absolute hypoglycemia.

A third hypothetical mechanism is that carbohyvdrates
might initiate behavioral change by enhancing the svnthe-
sis and release of the brain neurotransmitter serotonin.” '
A monoamine neurotransmitter. serotonin is svnthesized
from its amino acid precursor. trvptophan. Although the
body’s nutritional supply of tryptophan is obtained trom
protein. a high-protein meal does not elevate brain trypto-
phan or serotonin. Instead the opposite occurs: brain tryp-
tophan declines. as does serotonin synthesis. This paradox
occurs because tryptophan is scarce in protein (1-1.6%)
in comparison with the other LNAA: leucine. isoleucine.
valine. tyrosine. and phenvlalanine (25%). In addition.
trvptophan is significantly metabolized in its passage
through the liver. whereas the branched chain amino acids
(leucine. isoleucine. and valine) are not. Consequently.
the branched chain amino acids can represent as much as
90% of all amino acids to enter systemic circulation from
the liver and portal systems after a high-protein meal. All
LNAA compete for access * to the same carrier molecules
for transport across the blood-brain barrier. Because a
high-protein meal increases the competing LNAA in
plasma. relauve to plasma trvptophan. such a meal lowers
the brain influx of trvptophan and also reduces brain sero-
tonin synthesis. ™

A carbohvdrate-rich. protein-poor meal, in contrast,
increases brain trvptophan and serotonin synthesis. even
though such a meal lacks trvptophan. In animals that have
fasted over night. the insulin secretion triggered by a car-
bohvdrate meal causes a2 40% to 60% fall in plasma
leucine, isoleucine. and valine and a 15% to 30% fall in
plasma tyrosine. Plasma tryptophan levels do not decline
because tryptophan binds to albumin molecules in plasma
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as insulin strips away the free fauy acids that are usually
albumin-bound. Because tryptophan remains in plasma.
while most competing LNAA are taken up into muscle.
tryptophan’s access to blood-brain carrier molgcules is en-
hanced. Brain tryptophan influx and serotonin svnthesis
and release are also increased. insofar as the latter can be
assessed by CSF levels of serotonin’s metabolite. 3-
HIAA.” To increase brain serotonin synthesis. a test meal
must be not only carbohydrate-rich but also protein-poor.
A balanced meal containing protein directly contributes
sufficient LNAA 10 the bloodstream to compensate for the
insulin-mediated fall in LNAA that is triggered by carbo-
hvdrate.” Cell bodies of many brain serotoninergic neu-
rons are localized in the midbrain raphe nuclei that play a
role in sleep onset. Drowsiness or sleep reliably follow
ingestion of the amino acid L-tryptophan.™* suggesting
that fatigue following carbohydrate consumption might be
triggered by the same mechanism.

If fatigue after a carbohydrate meal were caused by
enhanced brain tryptophan influx and serotonin svnthesis.
‘'we would expect to see an elevation of the trypto-
phan:LNAA ratio at the time when fatigue occurred. In-
deed the ratio became significantly elevated 135 minutes
after the carbohydrate lunch. at approximately the time
when fatigue occurred. The onset of fatigue. then. did
parallel an elevation in the tryptophan:LNAA ratio. On
the other hand. no biological correlate was identified for
the offset of fatigue. Paradoxically. the tryptophan ratio
coniinued to rise even after fatigue had subsided. This
finding 1s consistent with other results™ " and indicates an
impornant temporal discrepancy between behavior and the
plasma tryptophan ratio. Although the onset of fatigue af-
ter carpohvdrate consumption might be associated with
enhanced brain influx of tryptophan. the offset- of fatigue
remains unexplained. Our findings are consistent with the
possipility of feedback inhibition. saturation of precursor
enhancement of serotonergic neurotransmission. or coun-
terregulatory influences on behavior. They are also con-
sistent with the possibility that some other mechanism
explains fatigue after eating carbohydrates.

Tne behavioral findings reported here are subtle.

Scales other than POMS fatigue failed to detect significant

differences with this small sample size. Fatigue was only
evident 2 hours after eating carbohydrate. not earlier or
later. Simiiariy. Thaver found that sugary snacks caused
tiredness 2 hours after consumption, but not earlier. This
may explain why Brody and Wolitzky.” who measured
mood 20 minutes and 4 hours after sucrose loading. failed
to detect mood changes. The results cannot be assumed 10
-generalize to meals of similar nutrient composition that
are eaten at a different time of day. The extent to which the
biological and behavioral effects of foods show diurnal
variation remains uncertain.”™" Also, these results will
not hold true for all subgroups of the population. For
example. obese individuals who snack on mixed nutrients
report fatigue after eating carbohydrates. but obese indi-
viduals who snack preferentially on carbohydrates repon
activation.” Patients with seasonal affective disorder and
carbohvdrate preference also report activation after eating
carbohvdrates.”

Some findings. including. occasionaly, our own. sug-
gest that the behavioral effects of carbohvdrate and pro-
tein may differ in degree rather than kind. Protein as well
as carbohyvdrate meals are sometimes*found to induce fa-
tigue.” the latter more strongly.™® Very large meals. sup-
plyving 1000 or more calories. reliably lower vigilance and
alertness even when they supply mixed nutrients.” The
mechanisms that could underly such generalized caloric
effects are unknown.

In summary, the current study replicates and extends
prior findings indicating that moderate-sized lunchtime
meals that are high in carbohydrate and low in protein
selectively induce drowsiness in normal individuals 2
hours after eating. We found no evidence to support the
popular belief that fatigue in normal individuals results
from reactive hypoglycemia. nor did we find that fatigue
could be directly related to the hedonic properties of the
meal or to fluctuations in serum insulin. Fatigue occurred
at approximately the same time as an elevation in the ratio
of plasma tryptophan:competing LNAA. which predicts
enhanced syvnthesis of the brain neurotransmitter sero-
tonin. The onset of fatigue following carbohvdrate con-
sumption might accompany an initial enhancement of
brain tryptophan influx and serotonin synthesis. It re-
mains unclear why fatigue subsequently ceases. even
though brain tryptophan influx apparently remains cle-
vated. :
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