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Maternal Cerebrospinal Fluid Glutamate
in Response to Variable Foraging Demand:
Relationship to Cerebrospinal Fluid
Serotonin Metabolites in Grown Offspring
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Wade J. Reiner2, David Gaita2, Sasha L. Fulton3 ,
Anna V. Rozenboym4, Jean E. Tang3, Thomas B. Cooper5,
and J. John Mann6,7

Abstract

Background: Maternal response to allostatic overload during infant rearing may alter neurobiological measures in grown

offspring, potentially increasing susceptibility to mood and anxiety disorders. We examined maternal cerebrospinal fluid

(CSF) glutamate response during exposure to variable foraging demand (VFD), a bonnet macaque model of allostatic over-

load, testing whether activation relative to baseline predicted concomitant CSF elevations of the stress neuropeptide,

corticotropin-releasing factor. We investigated whether VFD-induced activation of maternal CSF glutamate affects mater-

nal–infant attachment patterns and offspring CSF 5-hydroxyindoleacetic acid concentrations.

Methods: Mother–infant dyads were exposed to the ‘‘VFD stressor,’’ a paradigm in which mothers experience 16 weeks of

foraging uncertainty while rearing their infant offspring. Through staggering the infant age of VFD onset, both a cross-

sectional design and a longitudinal design were used. Maternal CSF glutamate and glutamine concentrations post-VFD

exposure were cross-sectionally compared to maternal VFD naive controls. Proportional change in concentrations of

maternal glutamate (and glutamine), a longitudinal measure, was evaluated in relation to VFD-induced elevations of CSF

corticotropin-releasing factor. The former measure was related to maternal–infant proximity scores obtained during the final

phases of VFD exposure. Maternal glutamatergic response to VFD exposure was used as a predictor variable for young

adolescent offspring CSF metabolites of serotonin, dopamine, and norepinephrine.

Results: Following VFD exposure, maternal CSF glutamate concentrations correlated positively with maternal CSF CRF

concentrations. Activation relative to baseline of maternal CSF glutamate concentrations following VFD exposure correlated

directly with a) increased maternal-infant proximity during the final phases of VFD and b) offspring CSF concentrations of

monoamine metabolites including 5-hydroxyindoleacetic acid, which was elevated relative to controls.

Conclusions: Activation of maternal CSF glutamate in response to VFD-induced allostasis is directly associated with

elevations of maternal CSF corticotropin-releasing factor. Maternal CSF glutamate alterations induced by VFD potentially

compromise serotonin neurotransmission in grown offspring, conceivably modeling human vulnerability to treatment-resis-

tant mood and anxiety disorders.
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Introduction

A central role for the excitatory amino acid neurotrans-
mitter glutamate in the pathophysiology of mood and
anxiety disorders has been well established.1 The glutam-
ate hypothesis has received support through the rapid,
although transient, therapeutic effects of the N-methyl-
D-aspartate antagonist, ketamine, in treatment-resistant
depression2,3 and the anxiolytic effects of antiglutamater-
gic agents, such as riluzole.4,5 Lamotrigine, an anticon-
vulsant that blocks presynaptic release of glutamate,6

plays an important role in prophylaxis of mood episodes
in patients with bipolar type I disorders7 although its
efficacy in acute bipolar depression has not been sup-
ported.8 Given that each of these medications entails
modulation of glutamatergic neurotransmission, the pre-
clinical effects of stress-induced alterations of cerebro-
spinal fluid (CSF) glutamate may shed light on
mechanisms of certain therapeutic agents as well as the
pathophysiology of mood and anxiety disorders.

Early life stress in the form of maternal loss or neglect
has been cited as an important precedent to human mood
and anxiety disorders.9 Maternal unavailability can be
modeled in nonhuman primates in the form of maternal
variable foraging demand (VFD), a paradigm in which
experimentally imposed maternal foraging uncertainty
interrupts a normative maternal repertoire,10 thereby
inducing long-term biobehavioral sequelae in her off-
spring.11 Maternal uncertainty of food perception is gen-
erated through alternating 2 week periods of low foraging
demand (LFD) and high foraging demand (HFD) for 16
weeks during infant rearing.12 We have reported, using
proton magnetic resonance spectroscopy, that VFD rear-
ing leads to a persistent hyperglutamatergic (Glx) spectral
signal in anterior cingulate cortex with commensurate
neuronal compromise as reflected by reduced N-acetyl-
aspartate.13 In an a priori hypothesis posed in 2001,
stress-induced overactivity of glutamate-releasing neu-
rons detected through serial cisternal CSF taps would
conceivably be associated with a parallel activation of
corticotropin-releasing factor (CRF), a key central
stress neuropeptide14 (see Supplement to Intro (SI1)).

Demonstration that activation relative to baseline of
maternal CSF glutamate directly correlates with the ele-
vated maternal CSF CRF concentrations observed fol-
lowing VFD exposure would support the view that the

maternal CSF glutamate response observed following
VFD tracks a key marker of allostatic overload,
namely, CRF.15,16 Further indirectly linking CSF glutam-
ate activation to CRF increases can be tested through
examination of maternal CSF glutamine changes follow-
ing maternal VFD exposure. Glial-derived glutamine
stores provide a direct pool for glutamate synthesis.17

Thus, conceivably, the extent of depletion of maternal
CSF glutamine may reflect, in part, the extent of glutam-
ate synthesis14 and, by proxy, inversely predict maternal
CSF CRF response to VFD exposure. Relevance of
maternal glutamatergic activation, moreover, would
entail documentation of attachment behavior including
variation of maternal–infant proximity.

Persistent elevations of the serotonin metabolite,
5-hydroxyindoleacetic acid (5-HIAA) in VFD cisternal
CSF in comparison to non-VFD controls is a finding
now observed in three separate VFD-reared nonhuman
primate cohorts.18–20 Valentino and coworkers21 demon-
strated that increasing glutamatergic input into the dorsal
raphe nucleus initially increased serotonin neuronal
firing, thereby increasing periraphe serotonin, ultimately
activation somatodendritic 5-HT1A autoreceptors,
thereby reducing serotonin neuronal firing. The latter
scenario appears to compromise activation of postsynap-
tic serotonin receptors at distal target sites, particularly to
hippocampus20 and medial prefrontal cortex.22 Rodent
studies reveal that stimulation, either by electrical activa-
tion or by activation of 5-HT2A receptors located on pyr-
amidal neurons in layer V of the medial prefrontal
cortical, enlists glutamate-releasing dorsal raphe nucleus
afferents23 (see SI2).

In the current study, the investigators examined (1)
the effects of a form of maternal allostatic over-
load24—maternal VFD—on maternal CSF glutamate
and glutamine concentrations, (2) whether maternal
CSF glutamate activation following VFD exposure dir-
ectly correlates with maternal CSF CRF concentrations
elevations while also predicting maternal–infant proxim-
ity patterns, and (3) whether relative activation of mater-
nal CSF glutamate may, in part, through a previously
documented, yet poorly elucidated, process of ‘‘biological
synchronization,’’25 exhibit the potential for ‘‘transge-
nerational’’ transmission of altered neurobiology from
mother to grown offspring, ultimately impacting adoles-
cent serotonergic systems.
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Materials and Methods

Subjects

Eighteen mother–infant dyads of bonnet macaques
(Macaca radiate) were studied in both a longitudinal (all
VFD exposed) and cross-sectional design26 of ‘‘early’’
VFD-exposed (nine) versus ‘‘late’’ VFD-exposed (nine)
dyads examined prior to VFD exposure (see Figure 1).
For the within-subject longitudinal analysis, 14 maternal–
infant VFD-exposed dyads (7 male and 7 female infants)
on whom pre- and postmaternal VFD CSF glutamate/
glutamine concentrations and maternal–infant dyadic
proximity data were available. Of these 14 infants, 8 as
young adolescent offspring (3 male and 5 females) had
CSF monoamine concentrations available for analysis.
These eight VFD offspring were compared to 14
unstressed historical controls20 of comparable age,
weight, and sex distribution. This latter comparison
would serve to situate the range of CSF 5-HIAA values
observed in the eight VFD offspring as elevated. The sub-
jects of the current report have been the focus of previous
reports,20,25,27,28 but maternal CSF glutamate and CSF
glutamine concentrations in response to VFD have not

been reported earlier (see Supplement to Methods
(SM) 1).

VFD Rearing

Mother–infant dyads were group-housed in four pens of
four to seven dyads each and stabilized for at least four
weeks prior to VFD onset. Fathers in the VFD paradigm
were routinely removed from the pen following female
impregnation. After infants reached at least two months
of age, dyads were subjected to a standard VFD proced-
ure that involved eight alternating two-week blocks (¼16
weeks) in which maternal food was either readily access-
ible (LFD) or more difficult to obtain (HFD).11

Foraging carts were utilized to control difficulty in
obtaining food. In the HFD condition, mothers would
reach through apertures in a foraging cart to dig through
clean wood chip in order to obtain food rations.11 Food
deprivation is avoided in the HFD condition, illustrated
by normal infant weight gain and maintenance of adult
baseline weights throughout the procedure.29 In the con-
trol (LFD) condition, mothers are able to pick up freely
available food items.11 After two years of age, VFD

Figure 1. Flow chart of study design including a cross-sectional and longitudinal design for the study of a single VFD-exposed cohort.

Staggered onset experimental design based on infant age: The blue-outlined red-shaded box in the left panel indicates where the early VFD

group (early onset) enters into the end of VFD (early offset, N¼ 9) and the late VFD group (late onset, N¼ 9) initiates VFD to allow for a

cross-sectional comparison (total N¼ 18). The red-outlined blue-shaded box in the bottom left corner of the left panel includes a double-

arrowed dashed line that in the center of the left panel denotes that, along with the cross-sectional design, a longitudinal pre-VFD/post-

VFD comparison (N¼ 14, paired data not available¼ 4) can be made. In the right panel, the red-outlined box indicates data on eight VFD

offspring available for (1) longitudinal relationship to maternal–infant data and (2) cross-sectional comparison to 14 non-VFD historical

controls. X-axis: infant ages (days): early onset (mean (SD)¼ 138.50 (13.44 days)); early offset (246.00 (16.97) (N¼ 9)); late onset (194.83

(20.99) (N¼ 9)); late offset (318.83 (18.65)); right panel: longitudinal studies: offspring VFD (1306.70 days, N¼ 8 (two from early and six

from late VFD reared); historical controls (1040.25 days, N¼ 14)). **Paired data not available four subjects.

VFD: variable foraging demand.
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offspring were separated from their mothers and housed
in VFD-reared peer social groups. Non-VFD subjects,
that is, historical controls, were always housed with
non-VFD-reared peers.

CSF Sampling

Both maternal and infant cisternal CSF samples were
obtained prior to the onset of VFD and during the last
week of the final HFD cycle (see SM2).

For grown offspring, subjects were socially housed in
their natal peer groups, and a young adolescent CSF
sample was obtained28 in the same manner as described
earlier. Detailed data relating to time from capture to
ketamine injection or ketamine injection to specimen
retrieval are not available.

CSF Glutamate/Glutamine Measurements

As described earlier, maternal CSF samples were
obtained prior to and following the 16 weeks of VFD
exposure. Glutamate in CSF was determined by a mod-
ified liquid chromatographic procedure with automated
precolumn derivatization30 (see SM3).

CSF CRF Measurements

CRF concentrations in maternal CSF were measured by
a well-characterized radioimmunoassay as described ear-
lier31 (see SM4).

Behavioral Observations

Maternal–Infant Proximity (Dyadic Distance): During
daily behavioral sessions, five days per week, each
mother–infant dyad was observed for 20 s in a random
sequence on five separate occasions. Dyadic distance was
scored during each observation on a scale of 1–5
(1 describing the greatest proximity and 5 describing the
least) (see SM5 for details). Mother–infant dyadic dis-
tance was aggregated for the final LFD 2-week period
and then for the final HFD 2-week period during
the final 4 weeks of the 16-week VFD cycle. The LFD–
HFD difference in dyadic proximity scores was
determined.

Monoamine Measurements

CSF monoamine assays20 were performed on 8 subjects
(3 males and 5 females) at a mean age of 3.58 years (cor-
responding approximately to human early adolescence)
and compared to 14 subjects from a historical
control group (2.85 years) (10 males and 4 females).
CSF samples were used to measure concentrations of
the central nervous system (CNS) metabolites of

serotonin (5-HIAA), norepinephrine (3-methoxy-4-
hydroxyphenylglycol (MHPG)), and dopamine (homova-
nillic acid (HVA)). The CSF monoamine metabolites
were assayed using high-performance liquid chromatog-
raphy with an electrochemical detector described in detail
elsewhere.32

Statistical Analyses

Normality of distribution of maternal CSF glutamate
concentrations and maternal CSF glutamine concentra-
tions was performed using the Kolmogorov–Smirnov
(KS) test, and data were inspected for outliers. A com-
bination of cross-sectional and longitudinal analyses was
performed in a single cohort.26 The first component of the
analyses performed a cross-sectional examination of
VFD versus VFD naive dyads. This comparison was
achieved by examining ‘‘early VFD’’ exposure dyads27

at the end of their VFD exposure compared to ‘‘late
VFD’’-reared subjects27 prior to VFD exposure (i.e.,
naive) conditions (see Figure 1). Infant sex distribution
between-groups was compared using 2� 2 tables and chi-
square statistics. Imbalance for sex distribution, if noted,
led to sex being used as a covariate. Student t tests were
used to examine for group differences for maternal age,
maternal body mass, infant age, and infant weight for use
as covariates should significant group effects be detected.
Maternal CSF glutamate and glutamine concentrations
were also compared between the two groups. A general
linear model (GLM) was used to examine the predictive
effect of maternal CSF glutamate concentrations on
maternal CSF CRF concentrations while using VFD
exposure versus nonexposure as a categorical variable.
The interaction term of VFD exposure�maternal CSF
glutamate concentrations would interrogate whether glu-
tamate played a predictive role in determining CSF CRF
concentrations in VFD-exposed mothers which was dis-
tinguishable from VFD naive mothers. GLM was fol-
lowed up by within-group Pearson’s correlations to
examine for glutamate/CRF associations.

The second component of the statistical analysis was a
longitudinal examination of VFD-exposed dyads only
and investigated the relationship between proportional
change (�) ((post-VFD� pre-VFD)/pre-VFD) maternal
CSF glutamate and glutamine concentrations as pre-
dictor variables in response to VFD exposure. A propor-
tional � value was used since the value alone (post-
VFD� pre-VFD) lacks integration of baseline values by
which to accurately judge the magnitude of the � effect.
The within-subject longitudinal analysis examined the
relationship between proportional � maternal CSF glu-
tamate concentrations to maternal–infant proximity
scores from (a) the final LFD phase (week 13–14),
(b) the final HFD phase (week 15–16), and (c) the final
� maternal–infant proximity scores (HFD minus LFD).
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A within-subject analysis examined the relationship
between proportional � maternal CSF glutamate concen-
trations and young adolescent offspring CSF monoamine
metabolite concentrations integrated into the model as
repeated dependent measures (5-HIAA, HVA, and
MHPG), followed by univariate analyses. Post hoc
Pearson’s correlations were performed for significant
GLMs to clarify directionality of effects (see SM6,
Analysis of Confounds Including Heritability).
Probability was set at p� 0.05, two-tailed.

Results

Cross-Sectional Analysis of VFD-Exposed Versus
Nonexposed Dyads

Of the 18 mother–infant dyads examined, 9 had been
exposed to the VFD paradigm (5 males, 4 females),
whereas the remaining subjects served as VFD naive con-
trols (2 males, 7 females) (sex distribution 2� 2 tables: �2

(df¼ 1)¼ 2.10; p¼ 0.15). Distribution of maternal CSF
glutamate concentrations (KS, d¼ 0.28, p< 0.10), mater-
nal CSF glutamine concentrations (KS, d¼ 0.16, p> 0.20),
and maternal CSF CRF (KS, d¼ 0.086, p> 0.20) were
considered normal. No outliers were noted. There were
no cross-sectional group differences for maternal age,
maternal weight, infant age, or infant weight (Table 1).
Nor did the latter four independent variables correlate
with CSF glutamate or CSF glutamine concentrations.
However, since age effects for mothers and infants were
near significant, each was used as covariates.

Using GLM (Figure 2), a group� post-VFD maternal
CSF glutamate concentration interactive effect was noted
in the prediction of post-VFD maternal CSF CRF con-
centrations (F(1,14)¼ 16.35; p¼ 0.001). A positive glutam-
ate/CRF correlation was present in VFD-exposed
mothers (r¼ .82, N¼ 9, p¼ 0.006) but not in VFD
naive mothers (r¼�.05; N¼ 9, p¼ .88) (see Figure 2)
(see Supplement Results 1 (SR1) for control variable
effects). Maternal CSF CRF concentrations (ng/ml) in

post-VFD were increased in comparison to VFD naive
subjects (VFD mean (standard error, SE)¼ 460.62
(34.40) vs. VFD naive mean (SE)¼ 359.82 (34.40);
F(1,14)¼ 10.92; p¼ 0.005) when controlling for CSF
glutamate. No group differences were found in the
cross-sectional analysis for maternal CSF glutamate con-
centrations or maternal CSF glutamine concentrations
(Table 1).

Within-Subject Glutamate and Glutamine Analyses:
Prediction of Maternal and Offspring Neurobiology

Fourteen maternal–infant dyads (7 male and 7 female
infants) exposed to VFD had both pre- and postmaternal
CSF glutamate concentrations and maternal CSF glu-
tamine concentrations assayed. No change was noted
between pre- versus post-VFD maternal glutamate con-
centrations (pre-VFD mean (standard deviation,
SD)¼ 1.18 (0.68) ng/ml vs. post-VFD mean (SD)¼ 1.19
(0.49); t value¼�0.03; df¼ 13, p¼ 0.98). Maternal CSF
glutamate concentration change was therefore negligible
(mean (SD)¼ 0.007 (0.9) ng/ml (N¼ 14)) despite a wide
range of post- minus pre-VFD � values (�2.1 to 1.8) (see
SR2 for ‘‘Further Analyses Maternal CSF Glutamate
Concentrations’’ and ratio analyses).

Maternal CSF Glutamine Concentrations

Using a GLM, proportional � CSF glutamine concen-
trations inversely predicted � maternal CSF CRF (ng/
ml) concentrations (mean (SD)¼ 86.52 (121.00) ng/ml;
N¼ 13; F(1,12)¼ 9.26; p¼ 0.01; (Pearson’s r¼�.70,
N¼ 13, p¼ 0.008)) (Figure 3). Proportional � CSF glu-
tamine concentrations did not predict pre-VFD (mean
(SD)¼ 359.05 (114.83) ng/ml; N¼ 13) or post-VFD
maternal CSF CRF concentrations (mean (SD)¼ 434.67
(140.57) ng/ml; N¼ 13). No infant sex or paternity effects
were observed (Supplement Table 2 and SR1).

There was no significant change in CSF glutamine
concentrations (pre-VFD mean (SD)¼ 539.76 (47.65)

Table 1. Comparison of maternal independent and dependent variables in VFD-exposed versus unexposed dyads.

Variable

Non-VFD VFD

t df p

Mean� SD Mean� SD

(N¼ 9) (N¼ 9)

CSF glutamate (ng/ml) 1.21� 0.86 1.2� 0.27 0.04 16 0.97

CSF glutamine (ng/ml) 542.53� 50.9 527.19� 44.89 0.68 16 0.51

Mother weight (kg) 4.9� 0.95 5.16� 1.14 �0.51 16 0.62

Mother age (years) 9.4� 3.8 7.2� 2.1 1.56 16 0.14

Infant age (days) 200� 25 (N¼ 8) 231� 45 1.71 15 0.11

Infant weight (kg) 1.38� 0.24 1.31� 0.30 (N¼ 8) 1.31 15 0.59

Note: CSF: cerebrospinal fluid; SD: standard deviation; VFD: variable foraging demand.
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Figure 2. Relationship between maternal CSF glutamate concentrations and maternal CSF CRF concentrations as a function of maternal

VFD exposure. Using a general linear model, there was a rearing group�CSF glutamate concentration interactive effect (F(1,14)¼ 16.35;

p¼ 0.001) a which stemmed from positive glutamate/CRF correlation in VFD-exposed mothers that was significantly distinguishable from

the corresponding nonsignificant correlation in non-VFD-exposed mothers.

CSF: cerebrospinal fluid; CRF: corticotropin-releasing factor; VFD: variable foraging demand.

Figure 3. Maternal �CSF CRF (pg/ml) in response to VFD plotted against maternal proportional �CSF glutamine in response to VFD.

Relative reductions in CSF glutamine are associated with CSF CRF increases.

CSF: cerebrospinal fluid; CRF: corticotropin-releasing factor; VFD: variable foraging demand.
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ng/ml vs. post-VFD mean (SD)¼ 521.22 (51.59);
t value¼ 1.61; df¼ 13, p¼ 0.13). Maternal CSF glutam-
ine concentration change was, however, discernable
(mean (SD) was �18.54 (43.06) ng/ml (N¼ 14)).

Dyadic Proximity

Proportional � maternal CSF glutamate concentrations
did not predict maternal–infant dyadic proximity during
either the final two weeks LFD (week 13–14) (mean
(SD)¼ 3.31 (0.80) score N¼ 13) or the subsequent final
two week HFD (week 15–16) (mean (SD)¼ 3.50 (1.02)
score; N¼ 13; paired t¼ 0.80; df¼ 12; p¼ 0.43) phases,
but the variable did positively predict the dyadic proxim-
ity difference (HFD minus LFD) (mean (SD)¼�0.19
(0.83) score; N¼ 13; F(1,11)¼ 14.07; p¼ 0.003; partial
Z2
¼ 0.56). Inspection of Figure 4 (r¼�.75; N¼ 13;

p¼ 0.003) indicates that those mothers who exhibited
proportional increases in CSF glutamate concentrations
in response to VFD exposure showed an increase in
dyadic proximity when transitioning from the final
LFD to final HFD phase. Conversely, proportional
decreases in maternal CSF glutamate concentrations in
response to VFD exposure were associated with dyadic
distancing from final LFD to HFD (see SR3 for control
variables).

Offspring CSF Monoamines Metabolite Concentrations

CSF monoamine studies (N¼ 8; 3 males, 5 females) were
done at a mean (SD) age of 3.58 (0.31) years at a mean
weight (SD) of 4.44 (0.34) kg corresponding approxi-
mately to young adolescence in humans—all subjects
had been exposed to VFD rearing. Because CSF
5-HIAA correlated directly with CSF HVA (n¼ 8;
r¼ .97; p¼ 0.001) and CSF MHPG (n¼ 8; r¼ .75;
p¼ 0.03) and CSF HVA correlated with CSF MHPG
(n¼ 8; r¼ .72; p¼ 0.04), these three variables were used
as repeated dependent measures in a GLM.

Proportional maternal � CSF glutamate positively
predicted offspring CSF monoamine metabolites
(F(1,6)¼ 16.63; p¼ 0.007; partial Z2

¼ 0.73; 5 fac-
tors> large effect size) with a repeated measures� pro-
portional maternal �CSF glutamate concentration
interactive effect noted (F(2,12)¼ 12.08; p¼ 0.001).
Univariate analyses revealed that proportional � mater-
nal CSF glutamate concentrations in response to VFD
exposure directly predicted CSF 5-HIAA concentrations
(ng/ml) (F(1,6)¼ 16.31; p¼ 0.007; r¼ .86; N¼ 8;
p¼ 0.007), offspring CSF HVA concentrations (ng/ml)
(F(1,6)¼ 14.21; p¼ 0.009; r¼ .84; N¼ 8; p¼ 0.009), and
offspring CSF MHPG concentrations (ng/ml)
(F(1,6)¼ 31.48; p¼ 0.001; r¼ .92; N¼ 8; p¼ 0.001)—the

Figure 4. Relationship between proportional maternal CSF glutamate concentration change following VFD exposure and change in

dyadic proximity (HFD minus LFD) from the final LFD to HFD phase of the VFD paradigm. Maternal proportional �CSF glutamate

concentrations ((post-VFD minus pre-VFD)/pre-VFD) inversely predicted the scoring change in maternal–infant (dyadic) distance

(HFD minus LFD) (F(1,11)¼ 14.07; p¼ 0.008; r¼�.75; N¼ 13; p¼ .0.003; partial Z2
¼ 0.56).

HFD: high foraging demand; LFD: low foraging demand; VFD: variable foraging demand.
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relatively robust effect for MHPG in comparison to the
two other two bivariate relationships accounting for a
repeated measures interactive effect (see Supplement
Table 5a and 5b and Supplement Figure 1 for paternity
effects).

Confirming that VFD offspring CSF 5-HIAA concen-
trations were indeed increased, significant elevations in
comparison to 14 historical controls were observed,
when controlling for sex, age, and weight (F(1,17)¼ 8.17;
p¼ 0.01; partial Z2

¼ 0.32 (>two-fold a large effect size))
(Supplementary Table 6). Proportional � maternal CSF
glutamine concentrations did not predict offspring CSF
monoamine concentrations. No sex effects were noted.
Controlling for either infant age or maternal age did
not affect the results.

Potential outlier effects were addressed using the
Spearman nonparametric correlation. Proportional �
maternal CSF glutamate concentrations increases posi-
tively predicted offspring CSF 5-HIAA concentrations
(Spearman r¼ .94; N¼ 8; p¼ 0.0004) (see Supplement
Table 7). In addition, bivariate bootstrapping was per-
formed using 1000 iterations (SPSS 24) (see Supplement
Table 8), and 95 percentile confidence intervals remained
significant.

Effect Sizes

a. The VFD exposure�maternal CSF glutamate con-
centration interaction effect size in the prediction of
maternal CSF CRF concentrations—partial Z2

¼ 0.53
(0.14¼ large effect size, three-fold> large effect size).

b. Proportional � maternal CSF glutamate concentra-
tion is inversely associated with final LFD to HFD
differences in dyadic proximity—partial Z2

¼ 0.49
(three-fold> large effect size).

c. Proportional � maternal CSF glutamate concentra-
tion is directly associated with grown offspring CSF
5-HIAA concentrations—partial Z2

¼ 0.62 (four-
fold> large effect size).

Discussion

The findings of the current study indicate, in cross-sec-
tional analysis (Figure 1), that mothers rearing their
infants while exposed to maternal allostatic overload in
the form of VFD exposure exhibit maternal CSF glutam-
ate concentrations that are directly related to the mater-
nal CSF CRF concentrations, an effect not present in
VFD naive mothers (Figure 2). In longitudinal analysis
(Figure 1), VFD-induced elevations of maternal CSF
CRF concentrations observed post-VFD are inversely
related to the proportional � (¼ change) maternal CSF
glutamine concentrations (Figure 3). The latter effect is

consistent with the view that the glutamine pool, which
serves as reservoir for glutamate synthesis,1,14 could con-
ceivably be depleted should glutamate be utilized in the
expression of VFD-induced increases in maternal CSF
CRF.14 These data may provide evidence which indicates
that one key marker of maternal allostatic overload, cen-
tral CRF expression,15 is associated with alterations in
the maternal CSF glutamate measures in the expected
direction (relative glutamate increase, relative glutamine
decrease).

Moreover, we demonstrated that proportional �
maternal CSF glutamate is tethered to dyadic behavioral
response as the former measure predicts the difference
scores in maternal–infant dyadic distance between
the final HFD (last 2 weeks) minus final LFD (last 4
to 2 weeks) phase of the 16-week VFD paradigm.
The data indicate that activation of maternal CSF glu-
tamate relative to baseline is associated with increasing
dyadic proximity when transitioning between the
final LFD to HFD phase (and vice versa) (Figure 4).
Dyadic proximity is a behavioral response that has been
posited to reflect distressed attachment and dyadic
vulnerability.10,33

Increased CSF glutamate relative to baseline in VFD-
exposed mothers predicts persistent serotonin-related
alterations in young adolescent offspring. The latter
‘‘transgenerational effect’’ is manifest as persistent
increases in CSF 5-HIAA concentrations (Figure 5), a
view that is validated through demonstration that
VFD-reared offspring exhibit CSF 5-HIAA elevations
in comparison to a historical control group (see
Supplement to Discussion (SD) 2). Effects remain signifi-
cant after controlling for sex, age, and weight of subjects
(Figure 6, Supplement Table 5a and 5b). Taken together,
maternal CSF glutamate measures in response to VFD
are validated by the associations described earlier.
‘‘Transgenerational transmission,’’ a term we have used
previously in the same context34 is observed, implying
that environmentally induced phenotypic features
observed in the mother may be observed in their infants
and subsequently in their grown offspring. It is of note
that VFD exposure did not increase mean maternal CSF
glutamate concentrations when compared to the non-
VFD-exposed controls despite the increase in CSF CRF
concentrations (Table 1). Nor are mean maternal CSF
glutamate concentrations post-VFD exposure distin-
guishable from their mean pre-VFD values (see SD1and
SD3 for further details).

The CSF 5-HIAA measures in VFD-reared offspring
are further validated by the expected high correlations
observed between CSF 5-HIAA and other monoamine
metabolites, CSF HVA (dopamine) and CSF MHPG
(norepinephrine) (Supplement Table 4 for correlation
matrix). Moreover, each offspring monoamine metabolite
is separately predicted by proportional � maternal CSF
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Figure 5. Relationship between maternal proportional �CSF glutamate concentrations in response to VFD exposure and offspring CSF

5-HIAA concentrations. Change in maternal proportional �CSF glutamate concentrations ((post-VFD minus pre-VFD)/pre-VFD) positively

predicted offspring CSF 5-HIAA concentrations (ng/ml) (see text for Spearman correlations and bootstrapping method).

CSF: cerebrospinal fluid; 5-HIAA: 5-hydroxyindoleacetic acid; VFD: variable foraging demand.

Figure 6. Scatterplot with SEs of CSF 5-HIAA concentrations in early adolescent VFD offspring versus non-VFD controls.

CSF: cerebrospinal fluid; 5-HIAA: 5-hydroxyindoleacetic acid; SE: standard error; VFD: variable foraging demand.
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glutamate (Supplement Table 5a and 5b). Paternity or
maternal effects each represent a potentially heritable
influence that could conceivably confound the findings
but appear to play, at most, a minimal role in influencing
the transgenerational transmission results (see
Supplement Figure 1).

Limitations of the current study include the nonspe-
cificity of CSF glutamate/glutamine measures and
restriction of the data to a relatively small sample
size. In the current study, cisternal CSF, which is not
specific to any regional source of glutamate, may con-
ceivably preferentially reflect the peri-raphe milieu.20

Although magnetic resonance spectroscopy in nonhu-
man primates offers a means for direct quantification
of glutamatergic measures,13 CSF analysis may provide
an overall index of total brain glutamate/glutamine
spillover into CSF. Also, CSF measures, it should be
noted, do not provide a direct measure of metabolic/
signaling specificity.35 That mean maternal CSF glu-
tamate concentrations appear to be controlled within
a very narrow range despite 16 weeks of maternal
VFD exposure suggests that cisternal CSF measures
are not entirely nonspecific.

Another potential limitation of the study involves the
lack of a control follow-up group. We were able, using a
simultaneous cross-sectional and longitudinal single
cohort design,26 to demonstrate VFD-exposed versus
VFD naive differences. Through the use of a historical
control group, we were able to demonstrate that offspring
VFD exhibit persistent elevations in CSF 5-HIAA con-
centrations. Although it is possible that transgenerational
correlations may have also existed in a normal control
group, the CSF 5-HIAA concentrations would not, in
all likelihood, be elevated (see SD4 for lack of control
for multiple testing).

The current study documents alterations within the
glutamatergic system following maternal exposure to pro-
longed and cumulative stress in the VFD model—a puta-
tive example of allostatic overload—and thus bears
relevance to certain mood and anxiety disorders.2–5 We
provided support for our hypothesis through demonstra-
tion that alterations of maternal CSF glutamate concen-
trations in response to VFD were associated with
alterations in stress-related behavior and physiology of
the mother, the mother–infant dyad, and grown off-
spring—the latter effect validating, in part, the notion
of transgenerational transmission across discrete bio-
logical systems.35 Further studies integrating epigenetic
mechanisms into the area of transgenerational transmis-
sion are warranted.
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