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ABSTRACT

Boron (B) nutriture has been related to bone, mineral and lipid
metabolism, energy utilization, and immune function. As evidence
accumulates that B is essential for humans, it is important to consider
possible relationships between B nutriture and brain and psychologi-
cal function. Five studies conducted in our laboratory are reviewed.
Assessments of brain electrical activity in both animals and humans
found that B deprivation results in decreased brain electrical activity
similar to that observed in nonspecific malnutrition. Assessments of
cognitive and psychomotor function in humans found that B depri-
vation results in poorer performance on tasks of motor speed and
dexterity, attention, and short-term memory. However, little support
was found for anecdotal reports that supplementation with physio-
logic amounts of B helps alleviate the somatic and psychological
symptoms of menopause. Parallels between nutritional and toxico-
logical effects of B on brain and psychological function are presented,
and possible biological mechanisms for dietary effects are reviewed.
Findings support the hypothesis that B nutriture is important for
brain and psychological function in humans.

Index Entries: Boron nutrition; brain function; electroencephalo- -
gram; psychological function; cognition; behavior; toxicology; human;
animal.
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INTRODUCTION

During recent years, boron (B) nutriture has been related to bone,
mineral and lipid metabolism, energy utilization, and immune function
(1,2). As evidence accumulates to establish that B is essential for humans,
it is important to consider possible relationships between B nutriture and
brain and psychological function. The results of five independent studies
conducted in our laboratory over the past 8 years (3—7) that address this
issue are reviewed. All were controlled experiments, and four were con-
ducted with humans. Some interesting parallels between nutritional and
toxicological effects of B on brain and psychological function will be pre-
sented, and possible biological mechanisms by which B intake and status
might affect brain and psychological function are reviewed.

EXPERIMENT 1

Brain electrophysiology of mature rats was assessed to determine
whether B nutriture affected brain function of animals (3). Eighty 100-d-.
old Long Evans rats (40 male and 40 female) were assigned on the basis
of sex and weight to one of four dietary groups created by the factorial
combination of B (0.12 and 2.7 pug/g diet, as boric acid) and Mg (80 and
325 ug/g diet, as acetate). Rats were fed a diet adequate in all nutrients
for a 7-d equilibration period and then fed their assigned diets for 60 d,
at which time cortical electrodes were implanted over the left and right
hemispheres of the brain (8). Following a 2-wk recovery period during
which all animals continued on the assigned diets, a 60-s electrocor-
ticogram (ECoG) was recorded without anesthesia during the dark phase
of the light-dark cycle. Rats were sacrificed within 24-h of the ECoG, and
femur samples were analyzed to verify the efficacy of the dietary manip-
ulation. Spectral analysis of cortical electrical activity yielded measures
of power (amplitude) across the 2-12 Hz frequency spectrum and sepa-
rately for each frequency in that spectrum for each hemisphere. In addi-
tion, a measure of the relative distribution of power among the different
frequencies for each hemisphere was determined by calculating the per-
centage of total power across the frequency spectrum represented in each
frequency and in several important frequency bands (3).

Contrasted with high B intake (2.7 ug/g diet), low dietary B (0.12 ng/g)
was associated with the following significant (p < 0.05) effects:

- 1. Decreased left-hemisphere log power in the 3-, 6-, 7-, and
9- to 12-Hz frequencies.
2. Decreased right-hemisphere log power in the 8-, 9-, and 11-Hz
frequencies.
3. Increased percentage of total power in the 4- and 5-Hz fre-
quencies in both hemispheres (Fig. 1).
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Fig. 1. B effects on percentage of ECoG power at each frequency relative to
the total power in the 2- to 12-Hz spectrum (Experiment 1). Data are presented
separately for the left (upper) and right (lower) hemispheres. *p < 0.05.

4. Decreased percentage of total power at 8 and 9 Hz in the left
hemisphere.

5. Decreased total power in the 5- to 9- and 8- to 12-Hz bands
in both hemispheres.

6. Decreased total power across the spectrum in the left
hemisphere. v

7. Increased percentage of low-to-high frequency activity in
the right hemisphere.
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Dietary Mg was not significantly related to cortical electrical activity,
nor were there any significant interactions between B and Mg with
respect to cortical activity. There was significantly less B and less Mg
in the femurs of rats fed low B and low Mg, respectively, which indicated
the appropriate differences in dietary intakes and absorption.

The results of Experiment 1 indicate that dietary B intakes system-
atically influence brain electrical activity in mature rats under conditions
that control for the effects of dietary Mg and time, and suggest that the
principal effect of manipulating B intake is on the relative distribution of
activity among frequencies. Specifically, B deprivation was associated
with decreased high-frequency and increased low-frequency brain elec-
trical activity, consistent with decreased arousal. Thus, in physiologic
concentrations, B may play an important role in the maintenance of brain
activation in animals.

EXPERIMENTS 2-4

Three human experiments were performed that assessed the effects of
dietary B on brain function measured by the electroencephalogram (EEG),
and on psychological function measured by performance on a computer-
ized battery of cognitive (attention, perception, and memory), spatial, and
psychomotor (simple motor speed, dexterity, and eye-hand coordination)
tests. All studies contrasted low physiologic B intakes (<0.3 mg/d) with
high physiologic B intakes (~3.25 mg/d). Typical dietary intakes of B in
the US range from about 0.7 to 0.9 mg/d for adults (9). Two of the three
studies found that when compared to high B intakes, low B intakes
resulted in EEG changes consistent with deceased brain activation, and
similar to those observed in protein—calorie malnutrition and Pb toxicity.
Low intakes were also associated with poorer performance on several
tasks measuring cognitive and motor function, when compared to high
intakes. These tasks included motor speed and dexterity, attention, and
working memory; the latter two tasks showed better performance with
high compared to low B intakes in all three experiments. Because these
experiments shared many design features in common, they are reviewed
together. Additional details are available elsewhere (4-6).

Subjects

For Experiment 2, 13 healthy postmenopausal women aged 50-78 yr
were recruited nationally to participate in a 6-mo, live-in study of Mg
and B nutrition. Subjects were not on estrogen-replacement therapy. For
Experiments 3 and 4, 15 healthy older adults, 5 men, 5 postmenopausal
women on estrogen-replacement therapy, and 5 postmenopausal women
not on estrogen-replacement therapy were recruited from the local com-
munity. Subjects ranged in age from 44 to 69 yr. In Experiment 3, one
woman not receiving estrogen began to menstruate shortly after the
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study began and her data were excluded. In Experiment 4, one man
withdrew during the first month.

Diets

Subjects in all three experiments were fed a diet consisting of con-
ventional foods with a 3-day menu rotation (10). This basal diet supplied
approx 115 mg Mg and 0.25 mg B/2000 kcal/d, and was supplemented as
necessary to approximate typical intakes and ensure nutritional adequacy
of all vitamins and minerals except Mg and B (10). Despite supplemen-
tation, dietary Cu was marginal (1.6 mg/2000 kcal) in Experiments 2 and
3, but this potential source of confounding evidence was removed from
Experiment 4 by supplementing the basal diet with an additional 0.8 mg
Cu/d (11). Energy in the diet was distributed as 11% protein, 54% carbo-
hydrate, and 35% fat; caloric intakes necessary to maintain initial body
weight (+2%) were determined separately for each subject. Water was con-
sumed ad libitum, but added only about 0.022 mg to the daily intake of B.

Experiment 2

Following a 21-d equilibration period during which the diet was
supplemented with 200 mg Mg and 3 mg B/2000 kcal/d, as Mg glu-
conate and Na-B capsules, respectively, each subject was given all four
supplement combinations created by the factorial crossing of 0 (placebo)
and 200 mg Mg with 0 (placebo) and 3 mg B for 42 d each. Mg and B
placebo capsules both contained lactose powder. Supplements were
administered in a double-blind, Latin-Squares order. Diets were con-
sumed while subjects resided 24 h/d in the metabolic research unit at the
Grand Forks Human Nutrition Research Center, which permitted strict
control of dietary intakes, exercise, and data collection, and provided a
common environment.

Experiments 3 and 4

These studies began with a 14-d equilibration period, followed by a
63-d B-depletion period, and concluded with a 49-d B repletion period.
The basal diet was supplemented with 3 mg B/d, as Na-B, during the
equilibration and B-repletion periods. During all dietary periods in
Experiment 4, the diet also was supplemented with 200 mg Mg/d, as Mg
gluconate. In Experiments 3 and 4, subjects lived at home and main-
tained their usual work and recreational activities. One meal per day
(either breakfast or lunch) was consumed in the laboratory Monday
through Friday. Foods for all other meals were packed in coolers for con-
sumption at home.

Electrophysiology Recording and Processing

The EEG was recorded from electrodes located over the left and
right frontal (F3 and F; in the notation of the International Ten-Twenty
System of Electrode Placement), temporal (T3 and Ty), parietal (P; and Py)
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and occipital (O; and O;) lobes, referenced to linked ear electrodes. EEG
records were made while the subject was at rest (i.e., the subject was
instructed to relax, and there were no explicit task demands) for 40 s
with the eyes open and then for 40 s with the eyes closed.

Following editing to remove extracerebral artifact, EEG data
recorded from each electrode location (i.e., lobe) were spectrally analyzed
by the Cooley-Tukey Fast Fourier transform. This technique converts
time series data to a representation in the frequency domain, and yields
a standardized measure of amplitude or signal power. Power, deter-
mined for each electrode location, corresponds to the absolute amount of
electrical activity in each frequency component of the complex EEG sig-
nal and reflects the degree of synchronous cortical activity among neu-
rons in a localized region of the brain. Given 1-s epochs, the power
spectrum had a resolution of 1 Hz. Further computation allowed the
mean power of the signal to be determined for each of four frequency
bands: 1-3 Hz (A), 4-7 Hz (8), 8-12 Hz (), and 13-18 Hz (B). Coherence,
the correlation between a pair of signals for each frequency band, was
computed for all possible pairs of electrode recording sites to assess the
relationship between activity in different regions of the brain.

Additional measures were derived from the EEG. Percent-total
power, a measure of the relative distribution of power among the differ-
ent frequency bands for each electrode location, was determined by cal-
culating the percentage of total power across the frequency spectrum
represented in each frequency band. As a measure of the frequency dis-
tribution of cortical activity, percent-total power defines the dominant
frequency in the signal and is highly sensitive to frequency shifts. To
assess the degree of asymmetry between the two hemispheres, reflecting
the spatial distribution of cortical activity, the difference between left and
right hemisphere power measures was determined for each frequency
band recorded from the frontal, temporal, parietal, and occipital lobes. To
assess cortical responsiveness to external stimulation, o reactivity was
computed by subtracting o power determined during eyes-open periods
from o power determined during eyes-closed periods.

Cognitive and Psychomotor Assessment

Table 1 lists the cognitive and psychomotor tasks performed by sub-
jects in each experiment and the area of function emphasized by each
task. The tasks in this battery are computerized versions of standardized
tasks commonly used in neuropsychological assessment and experimental
cognitive psychology. Finger-tapping and visuo-motor tracking tasks were
used to assess manual dexterity, eye-hand coordination, concentration,
and simple motor fatigue. Trail-making was used to assess eye-hand
coordination and visual perception. Search-count was used to assess atten-
tion. Continuous vigilance was used to assess sustained attention and
dyscontrol (impulsivity). Color-name identification and time estimation
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Table 1
Test Battery Used to Assess Cognitive
and Psychomotor Performance

Experiment Function / Task Experiment Function / Task
Psychomotor / Memory /
2 3 4 Tapping 27 3% 42 Symbol-Digit
2 3 4 Tracking 2 Shape Recognition
2 Trail Making 2 Cube Recognition
Attention / 2 Letter Recognition
22 32 48 Search-Count 22 Word Recognition
2 Continuous Vigilance
Perception / Spatial /
2 3 4° Color-Name 2 Maze
2 3 4 Time Estimation

“Experiment showing significant (p < 0.05) effect of dietary B on
performance.

were used to assess visual perception and depth of processing. Symbol-
digit was used to assess encoding and short-term or working memory.
Cube and shape recognition were used to assess memory for figural and
meaningful spatial information. Letter and word recognition were used
to assess verbal memory. Finally, a maze task was used to assess spatial
orientation and memory for spatial information. Additional details on
tasks are available elsewhere (6).

Data Analysis

EEG data were transformed to achieve a more symmetrical distribu-
tion prior to statistical analysis. For Experiment 2, dietary effects on EEG
and performance measures were tested for significance by a B x Mg x
period repeated-measures analysis of variance; period was included as a
factor in the model to remove effects associated with order of supple-
ment administration (i.e., time effects). For Experiments 3 and 4, dietary
effects on all measures were tested for significance by contrasting the B-
depletion and B-repletion conditions with the Student’s t-statistic for
repeated-measures designs. To maximize statistical power by increasing
sample size, data from the three subgroups of subjects in Experiments 3
and 4 (men, women on estrogen therapy, and women not on estrogen
therapy) were combined for all analyses.
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Results

Spectral analysis of electroencephalographic data showed effects of
dietary B in two of the three studies. When the low B intake was com-
pared to the high intake, there was a significant (p < 0.05) increase in the
proportion of low frequency activity and a decrease in the proportion
of high frequency activity, an effect often observed in response to general
malnutrition and heavy metal toxicity. Performance (e.g., response time)
on various cognitive and psychomotor tasks also showed an effect of
dietary B. When contrasted with the high B intake, low dietary B resulted
in significantly (p < 0.05) poorer performance on tasks emphasizing
manual dexterity (Experiments 3 and 4), eye-hand coordination (Experi-
ment 3), attention (all experiments), perception (Experiment 4), encoding
and short-term memory (all experiments), and long-term memory
(Experiment 2).

Electroencephalogram (EEQ)

Although there were numerous effects of dietary Mg on the EEG
in Experiment 2, the number of B x Mg interactions did not exceed
chance nor did they involve the following main effects of dietary B.
When contrasted with the high B intake, low dietary B significantly
increased A (1-3 Hz) power in left parietal and left occipital regions
under the eyes-open condition. These were the only significant effects of
diet on absolute power. However, as shown in Fig. 2, low B increased
percent-total A power in the frontal regions, while decreasing percent-
total right frontal 6 (4-7 Hz), percent-total right frontal o (8-12 Hz), and
percent-total left frontal B (13-18 Hz) power. These effects were again
limited to the eyes-open condition. Under both recording conditions, low
B generally increased signal coherence, particularly in the A frequencies
among posterior regions of the brain.

Experiment 3 showed the greatest number of effects of dietary B on
the EEG parameters. Figure 3 presents significant findings from analysis
of absolute power. When contrasted with the high B intake, low dietary
B increased A power in the left temporal and parietal regions, decreased o
power across the head, decreased right frontal B power, and decreased 6
and B power in the right parietal and right occipital regions. With the
exception of the first finding, all effects were significant under both eyes-
closed and eyes-open recording conditions. Figure 4 presents significant
findings from analysis of percent-total power. Low B increased percent-
total A power in the posterior regions, decreased percent-total o power
across the head, and decreased percent-total 6 and B power in the pari-
etal regions. Low B also resulted in increased bias toward greater activ-
ity in the left than right hemisphere in the parietal region under the
eyes-closed condition, and in the frontal and parietal regions under
the eyes-open condition. In addition, low B significantly decreased «
reactivity in the right frontal and left occipital regions. Finally, as shown
in Fig. 5, low B increased coherence among several regions across the
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Fig. 2. B effects on percent-total EEG power (Experiment 2). Significant
(p < 0.05) dietary B effects on mean percent-total EEG power during eyes-closed
and eyes-open conditions, separately for each recording site and frequency
band. Diet with greater proportion is keyed. Labeled head at far left identifies
each recording site relative to the region of the brain sampled.
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Fig. 3. B effects on EEG power (Experiment 3). Significant (p < 0.05)
dietary B effects on mean EEG power during eyes-closed and eyes-open condi-
tions, separately for each recording site and frequency band. Diet with greater
power is keyed. Labeled head at far left identifies each recording site relative to
the region of the brain sampled.
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Fig. 4. B effects on percent-total EEG power (Experiment 3). Significant
(p < 0.05) dietary B effects on mean percent-total EEG power during eyes-closed
and eyes-open conditions, separately for each recording site and frequency
band. Diet with greater proportion is keyed. Labeled head at far left identifies
each recording site relative to the region of the brain sampled.

head in the A frequencies and decreased coherence in the 6, o, and (3 fre-
quencies among posterior regions, under both eyes-open and eyes-closed
recording conditions.

Cognitive and Psychomotor Performance

Table 2 shows the effects of B intake on the Tapping and Tracking
tasks performed in all three studies. When contrasted with the high B
intake, low dietary B resulted in fewer complete sequences tapped over-
all, and fewer taps for both long and short sequences in Experiments 3
and 4. Experiment 3 also found that low B resulted in decreased percent
time on target when all tracking trials were combined, but particularly
when the target was following a nonrandom (i.e., predictable) path.
There were no significant dietary B effects on psychomotor performance
in Experiment 2.

Table 3 shows the effects of B intake on Search-Count response
times. When contrasted with the high B intake, low dietary B resulted in
increased response times during search and count in all three studies,
and during search only in Experiments 3 and 4. Table 4 shows the effects
of B intake on Color-Name Identification response times. When contrasted
with the high B intake, low dietary B resulted in increased response times
to identify color names regardless of presentation color in Experiment 4;
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Fig. 5. B effects on EEG coherence (Experiment 3). Significant (p < 0.05)
dietary B effects on mean EEG coherence during eyes-closed and eyes-open con-
ditions, separately for each recording site and frequency band. Diet with greater
coherence is keyed. Labeled head at far left identifies each recording site relative
to the region of the brain sampled.

Table 2
Effects of B Intake on Tapping and Tracking Performance
Experiment 2° Experiment 3 Experiment 4
Boron Supplement (mg/d) 0 3 0 3 0 3
Tapping (# tapped/30 sec)
All Sequences 23.040.3° 23.010.3 22.1+1.0°  24.2:+1.0 23.2+1.0° 24.6+0.8
2-Key Sequences 31.0£0.4 31.1+0.4 30.2+1.3° 32.5:1.2 32.321.2° 33.6x1.1
4-Key Sequences 15.040.2 14.820.2 14.020.7° 15.910.7 14.1£0.8° 155406
Tracking (% time on target)
All Paths 19.240.6  18.520.6 22.8+25% 26.4+2.3 16.0¢1.7  17.521.6
Random Paths 16.320.6  15.720.6 23.4+1.7 252415 15.741.4 15.121.0
Nonrandom Paths 20.0£0.7  19.2:0.7 226429  26.6+2.7 16.121.9  18.1+1.8

2B main effects from B x Mg x Period ANOVA.
’Mean + SEM.

p < 0.05.

ip < 0.01.
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Table 3
Effects of B Intake on Search-Count Response Times(s)

Penland

Experiment 2*

Experiment 3

Experiment 4

Boron Supplement (mg/d) 0 3 0 3 0 3
Search Only 3.3440.08° 3.154+0.07 3.431+0.32¢ 2.6310.21 3.5240.33" 3.0240.29
Search and Count
All Conditions 7.3740.21  6.80£0.20 7.05+0.57% 6.2710.52 7.73+0.83" 6.8410.66
Targets Present 7.20£0.20° 6.62+0.20 6.9540.57° 6.18+0.52 7.5320.79° 6.7210.64
Targets Absent 8.2240.27° 7.3210.27 8.1110.83° 6.8310.59 8.66+1.02 8.1510.98

B main effects from B x Mg x Period ANOVA.

tMean + SEM.
p < 0.05.
dp < 0.01.

Table 4
Effects of B Intake on Color-Name Identification Response Times (ms)

Experiment 2°

Experiment 3

Experiment 4

Boron Supplement (mg/d) 0 3 0 3 0 3
Name + Color 844211° 858411 774+24 76021 783+31° 746132
Presentation Color (Name ldentification Only)
Consistent 772118 806+18 729427 71324 731+26° 680+28
Neutral 815+15 83315 752132 738124 765x32¢ 718130
Inconsistent 90718 921+18 81335 787427 822439 783+42
Inhibition 92 88 61 49 57 65
Facilitation 43 27 23 25 34 38

2B main effects from B x Mg x Period ANOVA.

bMean + SEM.
¢p < 0.05.
dp < 0.01.

this effect was not statistically significant when the color name was
inconsistent with the presentation color. There were no significant effects
of dietary B on Color-Name performance in Experiments 2 and 3, or on
ability to estimate cued time intervals (Time Estimation) in any study.
Table 5 shows the effects of B intake on Symbol-Digit and Word
Recognition performance. When contrasted with the high B intake,
low dietary B resulted in increased response times to encode and recall
symbol-digit pairings in all three studies, and increased response times
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Table 5
Effects of B Intake on Symbol-Digit and Word Recognition Performance
Experiment 2° Experiment 3 Experiment 4
Boron Supplement (mg/d) 0 3 0 3 0 3

Symbol-Digit
Response Times (s) 2.3040.02"° 2.23+0.02 2.14:0.06° 1.88+0.05 2.27+0.119  1.98+0.08
Error (%) 2.34+:0.43 2.65+0.43 3.25+0.36  2.85+0.41 2.78+0.55 2.26+0.50
Word Recognition
Response Times (s) 2.46+0.04° 2.3310.04 Not Administered Not Administered

Error (%) 7.8540.73  7.4410.72 Not Administered Not Administered

7B main effects from B x Mg x Period ANOVA.
’Mean + SEM.

p < 0.05.

4p < 0.01.

to recognize recently presented words in Experiment 2. There were no
significant effects of dietary B on error rates for either task in any study.
Tasks administered only in Experiment 2 to assess letter, shape, and cube
recognition also showed no significant effects of dietary B (Table 1).

Discussion

Experiments 2—4 provide converging evidence that relatively short
periods (42-73 d) of restricted B intake can affect brain function and cog-
nitive performance in otherwise healthy older women and men. Two of
the three experiments showed an effect of B intakes at physiologic con-
centrations on EEG parameters. The most consistent EEG finding, based
on the derived measure of percent-total power, was that low B intake
resulted in a shift toward more activity in the low frequencies and less
activity in the high, dominant frequencies of the EEG spectrum. This is a
particularly important finding, considering that the same effect is often
observed in response to nonspecific malnutrition (12,13) and heavy metal
toxicity (14-16). Increased low frequency activity is typical of states of
reduced behavioral activation (i.e., drowsiness) and mental alertness (17),
and has been associated with poorer performance on vigilance and psy-
chomotor tasks (18,19). In addition, decreased higher frequency activity
(e.g., &) has been related to impaired memory performance under some
conditions (20).

Several other effects of B intake on EEG parameters were observed
that merit further investigation. Coherence was apparently altered by
dietary B in two experiments, but there were some inconsistencies between
experiments in the location and direction of these effects. Nevertheless,
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because coherence reflects the degree of physical and functional connec-
tivity between two cortical regions (21), diet-induced changes in coher-
ence would be of great importance. Further, one study (Experiment 3)
showed dietary B affected hemisphere asymmetries, o reactivity to stim-
ulation (eye opening), and total activity across the frequency spectrum
(1-18 Hz). Failure to replicate these effects in the other two studies sug-
gests that these may be weak effects dependent on the presence of addi-
tional, unknown stressors. Dietary Cu may have been a confounding
factor in the shift from higher to lower frequency activity, discussed
above, which was observed in Experiments 2 and 3, but not 4. The basal
diet contained a luxuriant amount of Cu in Experiment 4. Perhaps the
effect of B on some EEG parameters is dependent on marginal Cu intake
or status (2).

Behaviorally, low B intake apparently results in poorer performance
on tasks that emphasize psychomotor skills, and the cognitive processes
of attention, perception, and memory. In Experiments 2—4, Search-Count,
a measure of attention, and Symbol-Digit, a measure of encoding skills
and short-term memory, consistently showed effects of dietary B on
response times. However, not all tasks administered showed an effect of
dietary B in all studies. Performance on Tapping, an extremely simple task
measuring manual dexterity and fatigue, was impaired by low B intake
in two of three studies (Experiments 3 and 4). Pursuit, a measure of
eye-hand coordination and tracking skills, was impaired by low B intake
only in Experiment 3, whereas low dietary B increased response times
during some conditions of the Color-Name Identification task, only in
Experiment 4. Low dietary B also increased response times during a word
recognition task, administered only in Experiment 2. Performance on sev-
eral tasks showed no reliable relationship to B intake (Table 1). Low
dietary B was fed for only 42 d in Experiment 2, whereas low B was fed
for 63 d in Experiments 3 and 4. Perhaps the shorter duration dietary peri-
ods were the reason that only 3 of 13 tasks were significantly related to B
intake in Experiment 2. Similar to the EEG measures of brain function, the
effect of B on cognitive and psychomotor performance in most instances
may also depend on the presence of one or more additional stressors.
However, performance on two tasks, Search-Count and Symbol-Digit,
was affected by B intake in all three experiments, which suggests a robust
effect of dietary B on the cognitive processes of attention and memory.

Collectively, the data from these three experiments indicate that B
plays a role in human brain function and cognitive performance, and
provides additional evidence that B is an essential nutrient for humans.

EXPERIMENT 5

The most recent experiment was designed to evaluate the possible
impact of B nutrition on menopausal symptoms (7). Approximately 60%
of otherwise healthy women experience vasomotor symptoms (e.g., hot
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Fig. 6. B supplementation effects on menopausal symptoms and scales
derived from propsective questionnaire (Experiment 5). Exact probabilities
shown when p < 0.05.

flashes) and sleep problems (e.g., night sweats) during the climacteric
phase of life. Anecdotal reports suggested that increasing B intakes might
relieve these and other somatic and psychological symptoms, whereas
clinical reports from a previous study (Experiment 2) suggested an oppo-
site effect.

Forty-six healthy perimenopausal women were given 3 mg B/d as
Na borate capsules for 60 d, followed by (22 women) or preceded by (24
women) 90 d when they received a placebo capsule containing lactose
powder. The experiment thus controlled for time effects by crossover
design, and treatment was double-blind. Each day, women completed a
symptom checklist with a 5-point scale to indicate the presence or absence
of 60 symptoms, and severity of symptoms when present. Responses to
related symptoms were averaged to yield composite scores for vasomotor
symptoms, sleep problems, somatic symptoms (e.g., dizziness), sexual
problems (e.g., loss of interest, vaginal dryness), anxiety, depression, and
cognitive problems (e.g., poor memory). Hot flashes and night sweats
were also treated as separate scores, and a grand average yielded a total
symptom score. Symptoms reported during the entire B-supplemented
period were compared to those from the last 60 d of the placebo period
by using a Supplement x Treatment Order analysis of variance.

Women reported more frequent and severe vasomotor problems
(p < 0.031) and hot flushes (p < 0.037), more sleep problems (p < 0.021)
and night sweats (p < 0.036), and more total symptoms (p < 0.032) when
they were receiving the B supplement (Fig. 6). Parallel results were
obtained when data were coded for simple presence or absence of symp-
toms, except that only sleep problems and total symptoms achieved sta-
tistical significance. Approximately 50% of the women in the study
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showed exacerbating effects of supplemental B, 35% little or no effects,
and 15% beneficial effects. These findings indicate that at least for the
majority of women, supplementation with B is unlikely to relieve symp-
toms associated with the climacteric and menopause. The beneficial
effects experienced by a minority of women may result from an increased
need for B among these women.

PARALLELS WITH B TOXICITY?

A review of the literature on B toxicity effects on central nervous
system function reveals some interesting parallels with the dietary B
deprivation and supplementation effects on brain and psychological
function reviewed here. Most toxicology studies address effects of com-
pounds that are substantially different from the common dietary forms
(e.g., boric acid, sodium borate). Clearly, toxicological effects depend on
the form or speciation of B (e.g., boric oxide, decaborane, tetraborate,
boric acid, sodium borate), route of exposure (i.e., ingestion [oral], inhala-
tion, surface contact, injection), exposure duration (acute or chronic), and
concentration (or dosage). Further, toxicological effects vary among
species. Notwithstanding, there is remarkable consistency in the central
nervous system effects of frank B toxicity across form, exposure route,
and duration, and across species, including mice, rats, guinea pigs, rab-
bits, dogs, monkey, goats, cows, and humans. Early and mild toxicolog-
ical effects include behavioral depression, hypotonicity, ataxia, poor motor
control, and drowsiness, whereas later and more severe effects include
restlessness, tremors, shivering, confusion, seizures, convulsions, and
abnormal EEG activity characterized by high-amplitude, low-frequency
EEG activity (22-31). These effects are consistent with observed increases
in brain B and reductions in brain histamine, serotonin, and norepi-
nepherine, as well as acetylcholine stores (24,32-34). B toxicity effects on
more complex forms of behavior include impaired operant learning of
continuous and discrete avoidance (35) and impaired performance on
spatial, sustained attention, and short-term memory tasks (36). Consis-
tent with the effects of B nutriture on brain electrophysiology and psy-
chological function found in the experiments reviewed in this article,
B toxicity primarily affects the relative activity among frequencies
recorded by the EEG and motor function, attention, and short-term mem-
ory. Interestingly, Reynolds and Back (35) noted that performance decre-
ments on avoidance tasks following decaborane administration preceded
all other clinical symptoms in more than half the monkeys they tested.

BIOLOGICAL MECHANISMS

Possible biological mechanisms by which changes in B intake and
status might cause the observed effects in brain and psychological function
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are many. Accumulating evidence indicates that B nutriture is related to
metabolism of other mineral elements, including Ca, Cu, Mg, Mo, and
P; that B intakes affect energy metabolism, indicated by changes in glu-
cose, triglycerides, and insulin production; that B selectively accumulates
in certain areas of the brain and affects the concentration of other min-
erals in the brain; that B nutriture affects cell membrane function and
hormone metabolism; and that B intakes may affect catecholamine and
histamine metabolism (1,2,10-11,37-39). It is probable that one or more of
these biological activities of B play a determining role in the B-brain-
behavior relationship.

CONCLUSION

Brain electrophysiologic and behavioral performance effects of
reduced B intake are complementary. Determination of which EEG param-
eters are reliably sensitive to B intake and status awaits future study,
but measures of the relative activity among frequencies seem to hold the
most promise. Future studies must also determine precisely which cog-
nitive processes and psychomotor skills are involved when performance
is affected by dietary B. To understand better the relevance of B to both
types of function, future studies must also address the potential impor-
tance of additional stressors, dietary and otherwise, that might interact
with B. Examination of functional consequences of B toxicity also may be
useful, although it must be emphasized that the studies reviewed here
used physiologic intakes of B; low B diets contained about 5 the amount
of typical intakes, whereas high B diets contained about four times the
amount of typical intakes. With this knowledge, a meaningful connection
can be made between B-related changes in brain electrophysiology and
those in behavior and psychological function. Findings to date support
the hypothesis that B in physiologic amounts is an important nutrient for
brain and psychological function in higher animals and humans,
although further research is needed to characterize their relationship
more fully. Hopefully, these findings will also serve as additional impe-
tus to study biological mechanisms that might underlie the relationship
between B nutriture and brain and psychological function so that the
essentiality of B for animals and human can be established.
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