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Abstract
Brain development is likely impacted by micronutrients. This is supported by the effects of the ω-3 fatty acid
docosahexaenoic acid (DHA) during early neuronal differentiation, when it increases neurite growth. Aiming to delineate
DHA roles in postnatal stages, we selected the visual cortex due to its stereotypic maturation. Immunohistochemistry
showed that young mice that received dietary DHA from birth exhibited more abundant presynaptic and postsynaptic
specializations. DHA also increased density and size of synapses in a dose-dependent manner in cultured neurons. In
addition, dendritic arbors of neurons treated with DHA were more complex. In agreement with improved connectivity, DHA
enhanced physiological parameters of network maturation in vitro, including bursting strength and oscillatory behavior.
Aiming to analyze functional maturation of the cortex, we performed in vivo electrophysiological recordings from awake
mice to measure responses to patterned visual inputs. Dietary DHA robustly promoted the developmental increase in visual
acuity, without altering light sensitivity. The visual acuity of DHA-supplemented animals continued to improve even after
their cortex had matured and DHA abolished the acuity plateau. Our findings show that the ω-3 fatty acid DHA promotes
synaptic connectivity and cortical processing. These results provide evidence that micronutrients can support the
maturation of neuronal networks.

Key words: docosahexaenoic acid, synapse, visual acuity, visual cortex

Introduction

Synapse formation is instructed by genetic programs that
control synapse-organizing mechanisms, and neuronal con-
nectivity is refined by activity-dependent processes (Goda and
Davis 2003; Shen and Scheiffele 2010; Benson and Huntley
2012; Schreiner et al. 2017). Parallel roles of dietary factors in

shaping neuronal connectivity, specifically how micronutrients
affect the synaptic wiring of developing neurons, are much less
understood.

Gaining insights into the optimal intake of dietary micronu-
trients may be particularly relevant for infant health due to
the prolonged time course of brain development in humans.
A broad number of micronutrients are provided to infants by
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breastfeeding. Among the micronutrients present in breast milk
is the ω-3 fatty acid docosahexaenoic acid (DHA) that likely is
essential in humans (Muskiet et al. 2004). It is more abundant
in the cerebral cortex of breast-fed infants than in infants fed
with formula lacking DHA (Makrides et al. 1994). Clinical studies
have shown that breastfeeding improves children’s cognitive
development (Lucas et al. 1992; Anderson et al. 1999; McCann
and Ames 2005; Kramer et al. 2008). It has been proposed that the
higher proportion of DHA in the brain of breast-fed infants may
partially explain this beneficial effect of breastfeeding (Makrides
et al. 1994).

DHA is highly enriched in the brain compared with other
tissues and modulates critical steps of early neuronal differ-
entiation, including neurogenesis and neurite growth (Bourre
2004; Marszalek and Lodish 2005; Innis 2008; Bazinet and Laye
2014), and cortical DHA has neurotrophic and protective effects
(Högyes et al. 2003; Wu et al. 2004). On a subcellular level,
this ω-3 fatty acid is a prominent component of synaptosomal
plasma membranes (Breckenridge et al. 1972). Possible roles of
DHA abundance in synapse development are indicated by the
gradual accumulation of ω-3 unsaturated fatty acids at maturing
forebrain synapses (Tulodziecka et al. 2016) at a rate that tracks
the rapid increase in excitatory synapse number in postnatal
cortical development (Rakic et al. 1986; Micheva and Beaulieu
1996), and they reach a share of almost 20% of synaptic phos-
pholipids in the mature brain. In agreement with a functional
relevance of DHA as synaptic lipid, it regulates the expression of
synaptic proteins and excitatory transmission (Cao et al. 2009;
Kim et al. 2011a; Sidhu et al. 2011; Igarashi et al. 2015; Lozada
et al. 2017).

DHA supplementation has beneficial effects on cognition not
only in children but also in adult humans (McCann and Ames
2005). In turn, DHA deficiency in humans is correlated with
attention deficits and increased schizophrenia risk (McNamara
and Carlson 2006). A relevance of DHA for cognitive functions
is supported by memory impairments in DHA-restricted mice
(Moriguchi et al. 2000), and mice lacking the DHA transporter
Mfsd2a exhibit deficits in learning and memory (Nguyen et al.
2014). A systematic analysis of how this micronutrient impacts
connectivity and brain function can hence provide important
insights.

Aiming to define DHA effects on brain maturation, we chose
to focus on the visual cortex as the visual system is well suited
to study the postnatal development of neuronal connectivity
(Katz and Shatz 1996). This revealed that DHA supplementation
from birth increased synaptic abundance in the visual cortex of
young mice. Studies of dissociated neurons showed that DHA
treatment potently increased the assembly of presynaptic and
postsynaptic specializations. These effects were accompanied
by substantial improvements in the physiological maturation
of network properties. Moreover, in vivo recordings demon-
strated that dietary DHA profoundly enhanced the maturation
of cortical input processing as demonstrated by increased visual
acuity. These results provide evidence that this ω-3 fatty acid
promotes the development of synaptic connectivity and cortical
function.

Materials and Methods
DHA Preparation

DHA-rich Single Cell Oil (DHASCO) vegetable oil containing 40%
DHA was provided by Mead Johnson Nutrition, Global Discovery

and packaged in a low oxygen atmosphere. DHA was prepared
and aliquoted under an atmosphere of N2 to prevent oxidation
and was diluted in dimethyl sulfoxide (DMSO) prior to treatment
of cultured neurons for immunocytochemical analysis. 76 mM
DHA stocks were prepared by dissolving 25 mg DHA in 1.0 ml
DMSO, aliquots for single use were made, and aliquots were
stored at –80ºC. For microelectrode array experiments (MEAs) of
cultured neurons, DHA was purchased from Sigma (Cat# D2534),
diluted at 100 mM in DMSO (Fisher Cat# D12345), and stored at
−80 ◦C at low oxygen atmosphere.

DHA Administration to Mice

Infant nutrition-grade DHASCO vegetable oil containing 40%
DHA was provided by Mead Johnson Nutrition, Global Discovery
and packaged in a low oxygen atmosphere. A 4-oil blend con-
taining palm olein, coconut, soybean, and high oleic sunflower
oils was used as vegetable oil vehicle and was provided by
Mead Johnson Nutrition. Aliquots of DHA working solutions
were prepared once a week at 300 mg DHA/g oil by diluting
DHASCO oil into the vegetable oil blend under a N2 atmosphere
to prevent oxidation. DHA was administered at 300 mg DHA/kg
bodyweight/day as in previous rodent studies (Gamoh et al.
1999; Sakamoto et al. 2007; Holguin et al. 2008), a dietary dose
that increases DHA amount in cortex and hippocampus (Gamoh
et al. 1999).

Mouse pups were obtained by breeding C57BL/6 mice from
Charles River (Kingston, New York, USA). DHA or vegetable oil
solutions were provided once daily to C57BL/6 mouse pups from
the day after birth (defined as postnatal day 1; P1) until P28, P35,
or P45, as described in the Results. Littermate mice were used
for vehicle control data. Nutrients were delivered into the back
of the oral cavity to trigger a swallowing reflex to ensure the
complete delivery of the desired amount to the pups, delivering a
volume of 1 μl DHA working solution/g body weight/day starting
at P1 (Rice et al. 2007; Cimafranca et al. 2010). Mice between
P1–P4 were held ventrally, and their abdomens were stroked to
help with swallowing. Supplements were provided in addition
to the milk animals received from the mother until weaning
at P21. After weaning, supplements were delivered daily as
above. Regular chow (Teklad Global 18% protein, Cat# 2918) was
provided ad libitum.

In addition to orally administered DHA, pups received DHA
from breast milk. The DHA amount in milk of mouse dams
on a control diet is approximately 0.25% of the total fatty acid
content, and this is stable 7–15 days postpartum (Oosting et al.
2015). C57Bl/6 mouse pups at P10 consume a mean amount of
0.95 ml milk/pup per 24 h (Rath and Thenen 1979), and the
fat content of the breast milk pups receive at this stage is
∼ 11 mg/100 μl (Barnett and Dickson 1984). P10 mice therefore
consume ∼ 105 mg fat/day, corresponding to ∼ 0.26 mg DHA,
through breast milk intake. The additional oral delivery of DHA
at P10, when the average weight of a pup is 5.0 g, was in the
amount of 1.5 mg DHA/day, as 300 mg DHA/kg bodyweight/-
day were administered. This amount of administered DHA is
∼ 6-fold higher than what pups receive from breast milk, and
no pronounced drop in DHA intake is expected to occur after
weaning.

Immunostaining, Microscopy, and Image
Quantification of Brain Sections

Animals were transcardially perfused at P35 first with ice cold
phosphate buffered saline (PBS) and then with 4% paraformalde-
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hyde (PFA) in PBS, pH 7.4. Brains were isolated and postfixed
overnight in 4% PFA and washed and stored in PBS (all at 4 ◦C).
Brains were mounted in PBS and coronally sectioned at 60 μm
using a vibrating microtome (Vibratome 1500, Harvard Appara-
tus, Holliston, MA). Sections were stored in PBS at 4 ◦C. For visual
cortex analysis, slices were selected from the posterior cortex
where the hippocampal formation had fully extended. Sections
were first washed in PBS and blocked with 3% normal serum and
0.1% Triton-X 100 (Sigma) in PBS for 2 h at room temperature
(RT). Primary antibodies were raised in rabbit against Homer
1 (Synaptic Systems Cat# 160003, RRID:AB 887730; 1:500) and
in mouse against vGlut1 (UC Davis/NIH NeuroMab Facility Cat#
73-066, RRID:AB 10673111; 1:800). Secondary immunostaining
was performed with anti-IgG1 Alexa 568 (Thermo Fisher Cat#
A-21124, RRID:AB 2535766) or anti-rabbit Alexa 488 (Thermo
Fisher Cat# A31566, RRID:AB 10374301) antibodies (all at 1:500).
Antibodies were diluted in 3% normal serum and 0.1% Triton-X
100 in PBS and incubated for 48–72 h at 4 ◦C (primary antibodies)
or overnight at 4 ◦C (secondary antibodies). Sections were probed
either for Homer 1 or vGlut1. After incubation, sections were
washed in PBS and floated on slides in distilled water before cov-
erslipping with mounting medium (CFM-3, Citifluor, Hatfield,
PA, USA). Confocal microscopy was performed on a Leica TCS
SP8. Images were acquired with an ACS APO ×63 oil lens with
1.4 NA at 2048 × 2048 pixels. All images were acquired in binocu-
lar V1, layer IV, which was located by moving distally in a straight
line originating from the crest of the dentate gyrus, according
to mouse brain atlas (Paxinos and Franklin, 2004). Images were
acquired blind to the condition.

Quantification of fluorescence intensities in these immuno-
histochemical stainings was performed with ImageJ. Optical
sections of 3 μm thickness comprised of six 0.5 μm z-steps were
imaged. In ImageJ, 2 adjacent z-steps were maximally projected
to generate three 1.0 μm thick optical sections for analysis. To
determine the background, fluorescence intensity of 4 smaller
background regions of interest (ROIs) was measured, the average
mean gray value was calculated, and this was multiplied by the
area of the larger ROI in which Homer 1 or vGlut1 intensity
was determined. This size-corrected background value was then
subtracted from the sum of all pixel intensity values in the
larger ROI to determine in ImageJ the corrected total region
fluorescence as described (Burgess et al. 2010).

For quantification of synaptic puncta in immunostained
sections, a modified machine–learning-based Intellicount
algorithm was applied (Fantuzzo et al. 2017). Images were
converted to 16 bit and channels analyzed separately. In the
Intellicount interface, the background removal factor was
set to 0, the default thresholds were applied, and analysis
was performed on nested folders under the settings “single
channel/greyscale” and “synapses”. Data were exported to
GraphPad Prism 7 to be compiled.

Neuronal Culture Preparation and DHA Treatment

Cultures of hippocampal neurons for synaptic marker analy-
ses were prepared at embryonic day E18 from Sprague Dawley
rat pups (Charles River, Kingston, New York, USA) and plated
at 45000 cells/ml onto 12 mm ∅ coverslips coated with poly-
L-lysine, as described (Biederer and Scheiffele 2007). Neurons
were cultured in 1 ml medium. Ara-C was added at 2 div to
prevent glia overgrowth. Cultures were treated at 4 div with DHA
or DMSO as vehicle control at the concentrations provided in
the text, and again at 8 and 10 div with half a fresh dose by

exchanging 0.5 ml of the medium with 0.5 ml of fresh nutrient-
supplemented medium. Cultures were kept at 37 ◦C in a 5% CO2

atmosphere.
For MEA experiments, time-pregnant NMRI mice were

purchased from Charles River (Sulzfeld, Germany). Neuronal
cultures for MEA studies were prepared from embryonic brain
tissue harvested from E15 NMRI mice as previously described
(Gramowski et al. 2006; Feng et al. 2018). Briefly, frontal cortex
was dissociated enzymatically in DMEM10/10 (10% horse and
10% fetal calf serum) including papain and DNase I, cells
were resuspended in DMEM10/10 containing 10 μg/ml laminin
(Sigma) at a density of 7.5 × 106 cells/ml, and 150 000 cells
were seeded onto each well of 48-well MEA neurochips (Axion
Biosystems Inc., Atlanta, GA, USA). Each well contains an array
of 16 embedded platinum electrodes resulting in a total of
768 channels. Prior to plating, MEAs were coated with freshly
prepared 0.1% polyethyleneimine (Sigma Cat# 181978) dissolved
in Borate buffer (Fisher Scientific Cat# 28341). Cultures were kept
at 37 ◦C in a 10% CO2 atmosphere. Half-medium changes were
performed twice per week with DMEM containing 10% horse
serum. DHA working solutions were prepared in DMSO and
kept under N2 atmosphere to prevent oxidation and aliquoted.
DHA was administered at 20 μM during all half-medium
changes.

Cytochemical Studies

Immunostaining of cultured hippocampal neurons for synaptic
marker analyses was performed using standard procedures
at 14 div. Following fixation with 4% PFA and block, neurons
were stained with primary antibodies diluted in 3% fetal
bovine serum (FBS) and 0.01% Triton-X 100 in PBS, and
incubated overnight at 4 ◦C. Secondary antibodies were diluted
in 3% FBS and applied for 4 h at 4 ◦C. Neuronal cultures
were stained with mouse monoclonal antibodies against
Bassoon (AssayDesigns Cat# VAM-PS003F, RRID:AB 2313991;
1:500), polyclonal antibodies raised in rabbit against Homer
1 (Synaptic Systems Cat# 160003, RRID:AB 887730; 1:600) and
vGAT (Synaptic Systems Cat# 131003, RRID:AB 887869; 1:500),
polyclonal antibodies raised in guinea pig against vGlut1
(Millipore Cat# AB5905, RRID:AB 2301751; 1:500), and polyclonal
antibodies raised in mouse against MAP2 (Millipore Cat#
MAB3418, RRID:AB 94856; 1:1000). Secondary immunostaining
was performed with anti-IgG2a Alexa 488 (Thermo Fisher
Cat# A21240, RRID:AB 2535809), anti-rabbit Alexa 555 (Thermo
Fisher Cat# A21428, RRID:AB 2535849), and anti-IgG1 Alexa 647
(Thermo Fisher Cat# A-21131, RRID:AB 2535771) antibodies (all
at 1:500). Coverslips were washed in PBS and mounted with
Aqua/PolyMount (Fisher, NC9439247). Confocal microscopy was
performed on a Leica TCS SP8. Images were acquired with an
ACS APO ×63 oil lens with 1.4 NA, using the same settings
for each condition. Secondary and tertiary dendrite segments
between 20–50 μm length were selected for analysis. During
image acquisition and analysis, the researcher was blind to the
condition. Images were analyzed using ImageJ using a custom
written automated script (Dr Lai Ding, NeuroTechnology Studio
and Program for Interdisciplinary Neuroscience, Brigham and
Women’s Hospital). The annotated image analysis macro is
available at https://github.com/becarbone/dendriteAnalysis.

Dendrite complexity was analyzed using hippocampal
neurons prepared as described above. Neurons were transfected
at 10 div with 500 ng/coverslip of a pCAGGS-GFP vector (a gift
from Dr Nenad Sestan, Yale University) using Lipofectamine
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LTX (Thermo Fisher Scientific Cat# 15338-100), and fixed at
21 div. For parallel analysis of neuronal cell body density,
cultures were immunostained with mouse antibodies against
NeuN (Millipore Cat# MAB377, RRID:AB 2298772; 1:500) followed
by secondary staining using anti-IgG1 Alexa 568 (Thermo Fisher
Scientific Cat# A-21124, RRID:AB 2535766). Coverslips were
mounted with Vectashield (Vector Labs, VWR Cat# 101098-050).
Dendrites of GFP-filled neurons were selected in ImageJ with the
“Simple Neurite Tracer” (Longair et al. 2011). The GFP channel
was adjusted to grayscale, contrast was enhanced for greater
visibility of small processes, and dendrites were traced from the
soma and annotated as primary/secondary/tertiary. Tracings
were analyzed in ImageJ using the Sholl analysis plugin (Ferreira
et al. 2014).

Immunostaining of neurons cultured on MEA chips was
performed at 14 div. Following fixation with 4% PFA and
blocking, primary antibodies were applied in 1% BSA, 2% goat
serum, and 0.05% TWEEN20 (Sigma-Aldrich). Cultures were
probed overnight at 4 ◦C with monoclonal antibodies raised
in rabbit against synapsin-1 (Cell Signaling Technology, clone
D12G5 Cat# 5297, RRID:AB 2616578; 1:200) and monoclonal
antibodies raised in mouse against tubulin beta-III (Sigma-
Aldrich, clone 2G10 Cat# T8578, RRID:AB 1841228; 1:750). Nuclei
were detected by co-staining with the DNA-dye Hoechst/Bis-
benzimide (Sigma-Aldrich Cat# 94403; 1 μg/ml). Secondary
antibody staining was performed with goat-anti-rabbit Alexa
488 (Thermo Fisher Scientific Cat# A27034, RRID:AB 2536097)
and anti-mouse Alexa 594 (Molecular Probes Cat# A-21044,
RRID:AB 141424) for 1 h at room temperature (both at 1:500).
Cells were embedded with ProLong Gold Antifade Mountant
(Thermo Fisher Cat# P36930) and images acquired with
an upright fluorescence microscope (Nikon Eclipse TE200,
Nikon).

MEA Recordings of Cultured Neurons

MEAs were performed as described (Gramowski-Voss et al. 2015;
Feng et al. 2018). Briefly, recordings were executed with a Mae-
stro system (Axion Biosystems, Atlanta, GA, USA) providing
×1200 amplification, sampling at 12.5 kHz, filtering, and spike
detection, delivering whole channel neuronal spike data. For
extracellular recordings, MEA cultures were maintained at 37 ◦C
and a pH of 7.4 through a continuous filtered and humidified
airflow with 10% CO2. Recordings were performed in DMEM
with 10% horse serum. The network activity was recorded for
at least 1 h. Unit separation was performed using Spike Split-
ter (NeuroProof GmbH, Rostock, Germany) based on different
waveform shapes yielding up to 2 units per electrode. A unit
represents the activity originating from 1 recorded neuron. Units
were separated at the beginning of the recording. The stable
activity phase of the last 30 min was analyzed. Action potentials
(spikes) were recorded as spike trains, which are clustered in
so-called bursts. Bursts were quantified via direct spike train
analysis using the standard interspike interval (ISI) method in
NPWaveX (NeuroProof). Bursts were defined by these param-
eters: maximum ISI to start a burst, 40 ms; minimum ISI to
end a burst, 200 ms; minimum interval between bursts, 100 ms;
minimum duration of burst, 10 ms; and min number of spikes
in a burst, 5.

Functional parameters measured using MEA recordings
included descriptors of General Activity and Burst Structure
as follows. General Activity parameters: burst rate -number

of bursts per minute, averaged over all units recorded. Event
rate -number of events per minute. One event was defined as
a synchronous burst activity of at least 50% of all units within
300 ms. Burst Structure parameters: percentage of spikes in
bursts is the fraction of spikes within bursts in relation to all
spikes recorded within the experimental episode. Standard
deviation of the mean (SD) parameters reflect the temporal
activity pattern for each unit, representing the regularity of
periodic events. They are a measure for oscillatory behavior
with larger values indicating a higher variability and complexity.
SD values were averaged across the network. Burst rate SD
-standard deviation of number of bursts per minute, indicating
the variability of burstiness of units within experimental
episodes. Burst period SD -SD of burst period, reflecting the
variability of the distance between consecutive events.

In Vivo Visually Evoked Potential Recordings

Recordings were performed at P28/29 or at P35, after daily oral
administration of DHA or vegetable oil vehicle from P1. Mice
were implanted with light titanium headplates 7 days prior to
visually evoked potential (VEP) recordings. Three to four days
after headplate implantation, animals were habituated on the
recording set-up by fixing the headplate to the headplate holder
and allowing the animal to walk or run on the air-suspended sty-
rofoam ball (Niell and Stryker 2010). Habituation was performed
in daily 15-min long sessions for 2–3 consecutive days. On the
day before recording, animals were anesthetized, and a small
craniotomy (approximately 300 × 300 μm) was performed over
the binocular visual cortex of 1 hemisphere. The craniotomy
location was 2.0–2.5 mm lateral from the midline and 0.5 mm
anterior to lambda. The next day, animals were fixed to the
headplate holder via their headplate and VEP recordings were
performed on a set-up based on a spherical treadmill design
(Dombeck et al. 2007). VEPs were recorded through the created
small craniotomy by inserting a linear, 15-μm thick 16-channel
electrode (model A1x16-5 mm-50-177-A16, Neuronexus, Ann
Arbor, MI) into the binocular visual cortex. Habituation and
recordings were performed during the light cycle (7AM-8PM).
Visual stimuli were presented as described below.

Visual Stimulation

During VEP recordings, mice were presented with random sinu-
soidal gratings differing in frequency and direction. The display
was placed 14 cm in front of the animal and centered on its
midline, thereby covering 81 ×86◦ of the visual field. Gratings
were defined by the frequency, that is, the number of pairs of
black-and-white stripes or cycles, within 1 degree of visual angle.
For comparative measurements of contralateral and ipsilateral
responses, white light was presented using a customized LED
light source. The region of the visual field yielding VEPs with a
contralateral to ipsilateral ratio between 1.4–3.3 established for
each electrode penetration to confirm binocular visual cortex
(V1b). Gratings were presented to each eye one at a time while
the other eye was covered with electrical tape protruding from
the headpost to the tip of the mouse’s nose. This experimental
design was modified and adapted from previous descriptions of
VEPs recordings in mice (Porciatti et al. 1999; Niell and Stryker
2008).
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VEP Analysis

Visual acuity was determined by linear regression based on VEP
amplitude from 0.15, 0.30, and 0.60 Cpd (Cycles per degree).
Amplitude was measured as the peak of the VEP prior to
the negative-going component to the trough. Noise response
amplitudes for each mouse were obtained during recordings.
Visual acuity was determined as the Cpd value where noise
intersected the linear regression on the x-axis. A minimum
of 5 VEPs was used per direction and frequency per animal,
with no maximum number of VEPs (some more than 25). A
minimum of 13 min was used to obtain this data, again with no
maximum time. Recording durations differed due to running,
with some lasting approximately 30 min. Control mice showed
the expected visual acuity around 0.5 Cpd (Porciatti et al. 1999).

Animal Information

All animal procedures undertaken in this study to generate
immunochemistry data have been approved by the Tufts Uni-
versity Institutional Animal Care and Use Committee and are in
compliance with NIH guidelines. For MEA experiments, neural
tissue was prepared from pups according to the EU Directive
2010/63/EU on the protection of animals used for scientific
purposes (certification file number 7221.3±2) and no animal
experiments were performed in accordance with the German
Animal Protection Act §7/2 (Tierschutzgesetz). These mice were
sacrificed by cervical dislocation according to the German Ani-
mal Protection Act §4.

Data and Statistical Analyses

All quantitated analyses were performed with the researcher
blind to the condition. Statistical analyses of normally dis-
tributed data were performed in GraphPad Prism 7.0 (GraphPad
Inc., La Jolla, CA) using Student’s t-test or 1-way ANOVA with
post-hoc comparison as indicated in the text and legends. All
data are reported as mean, with errors corresponding to the
standard error of the mean. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.

Results
Increased Abundance of Excitatory Synapses in the
Visual Cortex after DHA Administration

Aiming to determine DHA effects on synapse number during
postnatal cortical development, we selected a sensory area due
to their stereotypical development and chose the visual cor-
tex V1. C57Bl/6 wild-type littermate mice received daily from
the day after birth (P1) by oral delivery 300 mg DHA/kg/day,
a dose that increases DHA abundance in rodent cortex and
hippocampus (Gamoh et al. 1999). Control mice received an
equivalent volume of the vegetable oil that was used as diluent.
The amount of DHA that treated mice received is estimated to
be ∼ 6-fold higher than what control mice take in via breast milk
(see Materials and Methods). Following daily delivery of DHA or
vegetable oil, mice were perfused at P35, when the visual cortex
of mice has completed maturation and reached a visual acuity
plateau (Huang et al. 1999).

We performed immunostaining for the excitatory postsy-
naptic scaffold protein Homer 1 in brain sections containing
the visual cortex (Fig. 1A). Analysis of single optical sections of
layer IV of V1 determined that the intensity of immunodetected
Homer 1 was 32 ± 15% higher in DHA-treated mice than in

control mice (Student’s t-test, P = 0.035; for additional statistical
information, see figure legends; Fig. 1B). Immunohistochemical
staining for the excitatory presynaptic marker vGlut1 was
additionally performed (Fig. 1C). DHA administration increased
the fluorescence intensity of this synaptic vesicle protein by
22 ± 6% (Student’s t-test, P = 0.0125) compared with control
animals (Fig. 1D). Aiming to measure DHA effects on the number
of presynaptic sites, we applied the threshold-independent,
machine–learning-based Intellicount algorithm (Fantuzzo et al.
2017). Analysis of single optical sections showed that DHA
administration increased the density of vGlut1 puncta in layer
IV of V1 modestly but significantly by 9.8 ± 2.5% (Student’s
t-test, P < 0.001) over control mice (Fig. 1E,F). This approach also
measured an increase in the staining intensity of vGlut1 puncta
after DHA treatment by 12.0 ± 4.7% (Student’s t-test, P = 0.011).
Together, these results demonstrated an increase in the number
of excitatory specializations in the cortex of DHA-supplemented
mice.

DHA Promotes the Number of Presynaptic and
Postsynaptic Specializations in a Dose-Dependent
Manner

DHA effects on synapse development were further defined
in cultures of dissociated hippocampal neurons that were
treated with DHA over a 60-fold concentration range, starting
at 4 days in vitro (div; Fig. 2A). Neuronal density at 14 div was
analyzed by immunostaining for the neuronal nuclei marker
NeuN and no effect of DHA on the number of neurons was
observed (data not shown). Quantitative immunocytochemical
analysis of presynaptic and postsynaptic specializations was
performed at 14 div by immunostaining for the active zone
protein Bassoon and the excitatory marker Homer, respectively.
Unbiased, semi-automated image analysis demonstrated that
DHA increased the number of presynaptic, Bassoon-positive
specializations along MAP2-positive dendrites compared with
vehicle-treated control neurons if neurons were treated with
4 μM DHA or higher concentrations (Fig. 2B). DHA in addition
elevated the density of excitatory, Homer-positive postsynaptic
sites with the same dose dependency (Fig. 2C). DHA treatments
lower than 4 μM had no effect. Treatment with 16 μM DHA,
the highest dose tested, increased the density of presynaptic
Bassoon and postsynaptic Homer puncta substantially by
48 ± 10% (P < 0.0001) and 55 ± 14% (P = 0.001), respectively,
compared with vehicle-treated control neurons prepared in
parallel.

DHA effects on excitatory versus inhibitory synapses were
compared by treating hippocampal neurons as above, followed
by co-immunostaining for the excitatory presynaptic marker
vGlut1 and the inhibitory presynaptic marker vGAT (Fig. 2G).
DHA treatment at 4 μM increased the number of vGlut1
puncta along MAP2-positive dendrites by 35 ± 15% (P = 0.025),
in agreement with its effect on the excitatory postsynaptic
marker Homer (Fig. 2H). In addition, the density of vGAT-
positive inhibitory presynaptic sites, which are less abundant
in hippocampal neurons, was increased upon DHA treatment
by 38 ± 16% (P = 0.024; Fig. 2I). The more pronounced increase in
Bassoon puncta density (Fig. 2B) likely reflected the combined
recruitment of vGlut1- and vGAT-positive presynaptic sites to
dendrites. Higher DHA amounts therefore robustly promoted
the number of excitatory and inhibitory synaptic sites.
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Figure 1. Increased abundance of excitatory synaptic sites in the visual cortex of DHA-treated mice. (A) Homer 1 immunostaining in binocular visual cortex V1,

layer IV of P35 mice whose diet had been supplemented daily from P1 with the vehicle vegetable oil as control (left) or DHA (right). Representative single optical
sections obtained by confocal microscopy are shown; (B) Quantification of Homer staining intensity from single optical sections as in (A). N = 22 optical sections from
3 DHA-treated mice with 7/7/8 sections per mouse, and N = 22 optical sections from 3 control mice with 8/6/8 sections per mouse. (C) vGlut1 immunostaining in
binocular visual cortex V1, layer IV of P35 mice treated as in (A). Representative single optical sections are shown; (D) Quantification of vGlut1 staining intensity from

single optical sections as in (B). N = 32 optical sections from 3 DHA-treated mice were comprised of 12/8/12 sections per mouse, and N = 34 optical sections from 3 control
mice corresponded to 12/10/12 sections per mouse; (E) Representative vGlut1 immunostainings obtained as in (C) before (left) and after (right) algorithm processing to
identify synaptic puncta marked by white outlines; (F) Analyses of images processed as in (E) determined that DHA increased vGlut1 puncta density. N = 102 images
DHA, 89 veg. oil control from 3 mice per condition.

Elevated Amounts of DHA Increase Synapse Size and
the Number of Presynaptically and Postsynaptically
Aligned Sites

Synapse size is an additional parameter relevant for synapse
maturation, and we analyzed presynaptic Bassoon-positive and
postsynaptic Homer-positive sites at 14 div. DHA treatment
at the highest concentration of 16 μM increased the size of
presynaptic (Fig. 2D) and postsynaptic specializations (Fig. 2E)
by 26 ± 3% and 18 ± 3% (P < 0.0001 each), respectively, compared
with vehicle-treated control neurons.

We next asked whether DHA increases the number of
contacts where presynaptic and postsynaptic sites align with
each other. We addressed this by measuring the extent to
which presynaptic Bassoon-positive sites were co-localized
with postsynaptic sites positive for Homer along MAP2-positive
dendrites. This determined that DHA treatment at 4 μM

or higher elevated the density of aligned presynaptic and
postsynaptic specializations, and DHA treatment at 16 μM
increased the number of Homer puncta aligned with Bassoon
puncta by 58 ± 14% (P = 0.0003) compared with controls (Fig. 2F).
This supported that the additional presynaptic and postsynaptic
specializations formed in presence of DHA are properly
assembled into synapses.

Dendritic Arborization Is Increased by DHA Treatment

Extending our analysis of DHA effects on morphological
parameters of neuronal maturation, we analyzed the com-
plexity of dendritic arbors in hippocampal neurons (Fig. 3A).
Neurons were treated with vehicle control or 4 μM DHA and
sparsely transfected with GFP as volume fill. At 14 div, we
performed a Sholl analysis of the number of intersection of
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Synaptic Connectivity and Cortical Maturation B. E. Carbone et al. 7

Figure 2. DHA promotes the development of presynaptic and postsynaptic specializations. (A) Dissociated hippocampal neurons were treated with the vehicle DMSO
as control or DHA at 4 or 16 μM as indicated on top. Immunostaining for the presynaptic marker Bassoon (green), the excitatory postsynaptic marker Homer 1 (red),
and the dendrite marker MAP2 (blue) was performed at 14 days in vitro (div). Top, representative overview images obtained by confocal microscopy. Bottom, panels

show enlarged dendritic segments boxed on top; (B,C) Quantification of images as in (A) determined that DHA treatment of neurons at 4 or 16 μM but not lower doses
increased the density of presynaptic specializations positive for Bassoon (B) or excitatory postsynaptic sites marked by Homer (C) per length of dendritic segment.
Lower DHA amounts have no effect. N = 70 dendritic segments (DMSO control), 66 (DHA 0.25 μM), 66 (1 μM), 65 (4 μM), and 70 (16 μM). Data from 4 independent
experiments. One-way ANOVA with Tukey’s multiple comparison test. ∗∗P < 0.01, ∗∗∗P < 0.001; (D,E) Quantification of images as in (A) showed that DHA treatment of

neurons at 16 μM but not lower doses increased the size of presynaptic Bassoon-positive specializations (D) and of excitatory postsynaptic sites positive for Homer
(E). N of Bassoon puncta = 1681 (DMSO control), 1737 (DHA 0.25 μM), 1599 (1 μM), 2241 (4 μM), and 2427 (16 μM). N of Homer puncta = 1188 (DMSO control), 1095 (DHA
0.25 μM), 1003 (1 μM), 1578 (4 μM), and 1797 (16 μM). Data from 4 independent experiments. One-way ANOVA with Dunnett’s multiple comparison test; (F) Quantification
of images as in (A) determined that DHA treatment of neuron at 4 or 16 μM but not lower doses increased the density of sites where excitatory postsynaptic sites are
co-localized with presynaptic sites. One-way ANOVA with Dunnett’s multiple comparison test. ∗∗P < 0.01, ∗∗∗P < 0.001; (G) Dendritic segments of hippocampal neurons
treated with DMSO control (left) or 4 μM DHA (right). Quantitative immunostaining for the excitatory presynaptic marker vGlut1 (green) and inhibitory presynaptic
vGAT (red) was performed at 14 div. Top, merged images. Bottom, individual channels; (H,I) Quantification of images as in (G) showed that DHA treatment increased
the density of sites positive for vGlut1 (H) and vGAT (I). N of dendritic segments = 36 per condition. Data from 2 independent experiments. Student’s unpaired t-test
∗P < 0.05.
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Figure 3. Dendrites are more complex upon DHA treatment. (A) Images show
dissociated hippocampal neurons at 14 div sparsely expressing the volume
marker GFP to visualize dendritic arbors. Neurons were treated with DMSO

vehicle control (left) or 4 μM DHA (right). Insets show dendrite tracings as
used for quantification; (B) Sholl analysis of dendritic arbors visualized as
in (A) determined increased complexity upon DHA treatment; (C,D) Analysis
of images as in (A) showed an increase in branch points (C) and number
of tips (D) per dendritic arbor. (B–D) N = 19 neurons per condition. Data from
2 independent experiments. Student’s unpaired t-test ∗∗∗P < 0.001.

dendritic trees with a series of concentric spherical shells
(Sholl 1953). This confirmed the visual impression that DHA
treatment robustly promoted the complexity of dendritic
arbors [2-way ANOVA, P = 0.0017 for treatment condition,
F (1, 36) = 11.44; Fig. 3B]. In agreement, branch points per
dendritic arbor were more abundant by 18 ± 3% (Student’s
t-test, P < 0.0001), and the number of dendritic tips was
increased by 18 ± 3% (P < 0.0001; Fig. 3C,D). These changes were
driven by a 3.5-fold increase in the number of tertiary dendrites,
extending total dendritic arbor length from 2100 ± 332 μm
(control) to 4411 ± 585 μm (DHA) (Student’s t-test, P = 0.0015;
N = 19 neurons each).

DHA Supports Maturation of Neuronal Network
Connectivity

Aiming to measure DHA effects on functional neuronal
connectivity, we applied microelectrode arrays (MEA) for
extracellular recording of action potentials of cultured neurons
(Supplementary Fig. 1). MEAs can elucidate synaptic modulation
and activity characteristics of networks and have been used
to investigate neuronal development (Gramowski-Voss et al.
2015; Odawara et al. 2016; Bader et al. 2017) and to screen
pharmacological agents (Gramowski et al. 2006). This approach
measures not only spontaneous activity patterns but also allows
one to deduce network properties.

We performed these experiments in cortical neurons to
scale up the cultures as required for MEA chips. Neurons
from mouse frontal cortex were grown on MEAs and sub-
jected to DHA versus control treatment. These cultures were
chosen as their well-defined maturation profile on MEAs
(see references above) enabled testing to what extent DHA
modulated the establishment of network properties. Activity-
describing parameters were calculated based on spike trains
(time stamps of action potentials), which can be divided into
different parameter categories (Bader et al. 2017). Using multi-
well MEAs for longitudinal recording from 6–20 div, we tracked
these network properties (Fig. 4A) and structures of spike
bursts (Fig. 4B). General Activity descriptors represent overall
network activity parameters such as burst rate. Burst Structure
parameters describe the internal structure of bursts and rhythm
of spikes in bursts. Network connectivity parameters indicate
the regularity and oscillation of events, defined as periods
of synchronous burst activity. They are represented by the
standard deviations (SDs) associated with main General Activity
and Burst Structure parameters during events, with higher SD
values indicating more variably patterned activity and burst
structure.

Control cultures reached a plateau in functional develop-
ment by 20 div, as described (Ito et al. 2013). Their sponta-
neous network activity progressively increased as measured for
burst rates (Fig. 4C) and for periods with synchronous burst
events (Fig. 4D). Spikes in control cultures were also increas-
ingly more clustered within bursts as the network matured
to 20 div (Fig. 4E). Bursts in addition exhibited progressively
higher variability during development as reflected by the grad-
ual increase in the SD of burst rates over time, indicating more
complex oscillatory activity patterns (Fig. 4F). The variation of
burst period length between control neurons in the network
decreased over time (Fig. 4G). This lower value of burst period
SD is a measure for lower variability in event period lengths
and reflects higher event synchronicity. These results showed
a progressive increase in synchronized connectivity as control
neurons matured.

Functional effects of DHA were longitudinally followed using
multi-well MEAs, and cultured neurons were recorded from
6–20 div and compared with control cultures. A dose of 20 μM
DHA was chosen to achieve strong synaptogenic effects (see
Fig. 2, and data not shown). DHA significantly enhanced
maturation-relevant network parameters. Addition of DHA
increased overall activity at 14–16 div (Fig. 4C,D). DHA continued
to further increase activity at 20 div as indicated by higher burst
rate and higher rate of synchronized population bursts termed
events. Further, DHA modestly but significantly promoted the
establishment of burst structures and reduced the clustering
of spikes in bursts, which resulted in more complex and
variable bursting (Fig. 4E). This enhancement was also seen
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Synaptic Connectivity and Cortical Maturation B. E. Carbone et al. 9

Figure 4. Functional maturation of cortical neuronal networks is promoted by DHA. (A) The panel shows raw data from a spike raster plot recorded from cortical

neurons cultured on mircoelectrode arrays. Categories of activity parameters are indicated; (B) Diagram of 2 schematized bursts outlining burst structure parameters
extractable from the recordings; (C–E) General activity parameters of burst rate (C), event rate (D), and fraction of spikes occurring within bursts (E). Parameters show
the developmental maturation of functional network connectivity between 6–20 div as indicated for the DSMO vehicle control condition (gray bars). DHA significantly

accelerated maturation (black bars); (F,G) Network and oscillation properties of burst rate standard deviation (SD) (F) and burst period SD (G). Student’s unpaired t-test
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.

for oscillation-relevant properties. Here, DHA promoted the
increase in diversity of burst rates as neurons matured (Fig. 4F)
and supported the developmental decrease in the variation of
burst event periods (Fig. 4G). DHA hence promoted physiological
parameters of network maturation and the complexity of
activity patterns.

DHA Supplementation Promotes Visual Acuity
in Maturing Animals

Does DHA administration have functional effects on neuronal
networks as they develop in vivo? To test this, we analyzed the
visual cortex. Our approach was based on recording VEPs from
the binocular zone of V1 of awake mice that were presented with
grated visual patterns. VEPs represent the integrated response
of a population of neurons and have been used to measure
acuity and other parameters of vision in a number of mammals,
including rats and mice (Birch and Jacobs 1979; Huang et al.
1999). Mice open their eyes around P14 and visual acuity pro-
gressively increases thereafter, reaching a plateau by P35 when
acuity has improved 3–4-fold (Huang et al. 1999). This pro-
nounced and stereotypic increase in the visual acuity of mice
provided the opportunity to measure to what extent DHA affects
the function of the maturing cortex at different developmental
points.

Wild type (WT) Littermate mice received daily 300 mg
DHA/kg/day or the equivalent volume of vegetable oil as
vehicle control from P1 as for our immunohistochemical
experiments (Fig. 1). Another group of mice received no dietary
supplementation and stayed in the home cage to control
for possible effects of the daily handling during compound
delivery on cortical maturation. No effect of DHA or vegetable oil
supplementation on healthy body growth was observed (Fig. 5A).
We selected 3 time points for functional in vivo analyses and
first tested animals at P28, when visual acuity in wild-type mice
is starting to reach adult levels (Huang et al. 1999). Recordings
of VEPs were obtained from animals that were allowed to freely
run on a ball that floats on air, known as a spherical treadmill
(Dombeck et al. 2007; Fig. 5B). Prior to the recordings, custom-
made headposts were implanted to the skull and mice were
habituated mice to the set-up. On the recording day, a small
craniotomy was made over binocular V1 (less than 0.5 mm in
diameter), and mice were mounted via their headpost atop the
ball. A multichannel electrode was inserted in the binocular
zone of V1, and recordings were obtained from all cortical
layers while sinusoidal gratings were presented to each eye
individually. Gratings were presented randomly with respect to
frequency and direction. Low frequency stimulation at 0.15 Cpd
at full contrast elicited highest VEP amplitudes in control mice
that received vegetable oil, as previously described (Huang et al.
1999; Porciatti et al. 1999; Cancedda et al. 2004). VEP amplitudes
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Figure 5. DHA supplementation increases visual acuity in young animals.
(A) Vegetable oil as vehicle control or DHA were administered orally daily from
P1. Administration of vegetable oil (gray) or DHA (black) did not alter normal
weight gain compared with untreated, non-handled cage control mice (white).

N = 37 mice (veg. oil), 32 (DHA), 30 (cage control); (B) Model of the spherical
treadmill set-up for in vivo recordings from awake mice; (C) Representative
VEP waveforms recorded at P28/29 from the binocular zone of the visual cortex
of mice, layer IV, while mice viewed gratings of frequencies at the indicated

Cpd. Amplitudes of VEPs were calculated by measuring the distance from the
first peak (marked by the horizontal line) to the trough of the VEP. The correct
layer was determined by identifying the electrode channel in which the greatest
contralateral response amplitude was recorded; (D) Daily DHA administration

from birth increased visual acuity at P28/29. Visual acuity was determined by
creating a linear regression for each animal’s response to the specific frequencies
of sinusoidal gratings presented. Control mice exhibited the expected acuity

around 0.5 Cpd (Porciatti et al. 1999); (E) Representative VEP waveforms recorded
in layer IV upon white light flash stimulation of either the contralateral or
ipsilateral visual cortex; (F) Contralateral to ipsilateral VEP amplitude ratios were
recorded from layer IV of the binocular zone at white light stimulation. DHA

did not affect baseline responses as amplitudes of stimulated contrastimulated
and unstimulated ipsilateral cortex had the same ratio as controls. ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001; error bars indicate SEM. (D,F) N = 8 veg. oil control mice,
N = 10 DHA.

progressively decreased with increased frequency of gratings
(Fig. 5C). The daily handling of mice during oral supplement
administration did not affect visual cortex maturation as acuity
was not different between mice that received vegetable oil or
that remained in the home cage (data not shown).

Mice that received DHA showed at P28 the expected peak
visual responsiveness when stimulated with a grated pattern
at 0.15 Cpd. VEP amplitudes appeared larger than in control
mice, though (Fig. 5C). We determined visual acuity by creating a
linear regression of VEP amplitudes for each animal. This mea-
sured an increase of visual acuity by 21% in DHA-supplemented
mice compared with mice that had received vegetable oil alone
(Fig. 5D; veg. oil control, mean visual acuity 0.496 ± 0.034 Cpd;
DHA, 0.598 ± 0.031 Cpd; unpaired t-test, P = 0.043; N = 8 control

Figure 6. Visual acuity is elevated by DHA in the matured visual cortex.
(A) Vegetable oil or DHA were administered daily from P1 and recordings were
performed at P35. The panel shows representative VEP waveforms recorded from
the binocular zone of the visual cortex as in Figure 5C; (B) Visual acuity was

increased at P35 after DHA administration. Recordings were performed as in
Figure 5D; (C) Representative VEP waveforms recorded at white light stimulation
from layer IV of the binocular zone of either the contralateral or ipsilateral visual
cortex; (D) DHA did not change the contralateral to ipsilateral VEP amplitude

ratio recorded as in (C). ∗∗P < 0.01; error bars indicate SEM. (B,D) N = 9 veg. oil
control mice, N = 9 DHA.

mice, N = 10 DHA). In addition, we recorded VEPs elicited by full
field flash stimulation. These VEPs reflect the integrity of rod
and cone pathways to the cortex and are a measure of light
sensitivity (Porciatti et al. 1999; Ridder and Nusinowitz 2006).
DHA had no effect on flash VEPs (Fig. 5E), supporting that its
administration did not alter the basic light sensitivity of cortical
responses. We also tested whether DHA alters the extent to
which mouse V1 is contralaterally driven, which is reflected in
the high ratio of responses elicited through the contralateral
eye to responses elicited through the ipsilateral eye (C/I ratio;
Frenkel and Bear 2004). DHA supplementation did not affect the
ratio and strength of contralateral and ipsilateral responses, as
measured by VEPs elicited by both full field flash (Fig. 5F) and
sinusoidal grating stimuli (veg. oil control C/I, 1.44 ± 0.28; DHA
C/I, 1.70 ± 0.42; unpaired t-test, P = 0.63; N = 8 control mice, N = 10
DHA). DHA treatment hence did not affect gross development of
central visual pathways. These results supported that DHA pro-
motes the establishment of functional intracortical connectivity
and visual processing.

DHA Administration Persistently Augments Visual
Acuity

To address whether acuity continues to improve in DHA-
supplemented mice, DHA or vegetable oil were administered
from P1 to P35, and recordings were performed at that time.
P35 was selected because V1 maturation is complete at this age
(Huang et al. 1999). Mice in both groups exhibited the expected
peak of visual acuity when stimulated with a pattern of 0.15 Cpd
(Fig. 6A). Notably, DHA-supplemented mice reached 33% higher
visual acuity at P35 compared with control mice (veg. oil control,
mean visual acuity 0.475 ± 0.036 Cpd; DHA, 0.633 ± 0.031 Cpd;
unpaired t-test, P = 0.004; N = 9 mice per group) (Fig. 6B).
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Amplitudes and ratio of contralateral to the ipsilateral responses
elicited by flash VEPs were indistinguishable (Fig. 6C,D), as at
P28. In contrast to the effects of continued DHA administration,
brief treatment of mice for only 7 days, from P28 to P35,
did not elevate visual acuity at P35 (Supplementary Fig. 2). In
addition, we measured whether an increase in visual acuity
following continuous DHA treatment was also observed in
fully mature mice at P45, when visual cortex maturation is
complete and plasticity becomes restricted (Kuhlman et al.
2013). We found that mice supplemented with DHA from birth
until P45 exhibited 41% higher visual acuity compared with
their vegetable oil-receiving littermates (veg. oil control, mean
visual acuity 0.509 ± 0.042 Cpd; DHA, 0.717 ± 0.012 Cpd; unpaired
t-test, P = 0.009; N = 3 mice per group). Together, DHA increased
visual acuity in young animals and even abolished the acuity
plateau once their visual cortex has fully developed. These
results provide evidence that DHA supplementation improves
cortical maturation.

Discussion

We have here investigated roles of the dietary ω-3 fatty acid
DHA in the development of synaptic connectivity and cortical
function. Aiming to delineate effects in the maturing brain, we
determined that daily DHA supplementation of mice from birth
increased the abundance of excitatory synaptic specializations
in the visual cortex. In agreement, DHA had robust effects on
excitatory and inhibitory synaptic markers and dendrite com-
plexity in cultured neurons. These effects included a DHA dose-
dependent increase in the number and size of presynaptic and
postsynaptic specializations, and these added sites were prop-
erly aligned. Functional connectivity was improved in presence
of DHA as well, and this ω-3 fatty acid supported how patterned
activity arises in developing neuronal networks. Furthermore,
recordings from the visual cortex in maturing animals demon-
strated beneficial effects of DHA on visual acuity, a measure of
information processing in this cortical region.

DHA supplementation from birth increased the abundance
of presynaptic and postsynaptic excitatory specializations in
the visual cortex of mice as measured by immunohistochem-
istry. These in vivo data are consistent with DHA effects when
administered to adult and aged rodents, which elevates in the
hippocampus the number of dendritic spines, the postsynaptic
sites onto which most excitatory synapses are formed, and
enhances synaptic strength (Sakamoto et al. 2007; Connor et al.
2012). Correspondingly, synaptic fractions from DHA-deprived,
adult mice have lower amounts of synaptic proteins (Sidhu
et al. 2011; Lozada et al. 2017). Roles of DHA in modulating
synapse number are evolutionarily conserved as it is required for
normal synapse development in tectal neurons of Xenopus laevis
tadpoles, which had fewer excitatory postsynaptic sites when
mothers were deprived of DHA (Igarashi et al. 2015). Our results
now demonstrate that providing DHA from birth can already
promote synapse number.

Our cellular analysis in cultured neurons provided additional
evidence that DHA treatment promotes the density and
size of synaptic connections. Our results agree with and
extend previous studies in dissociated neurons that reported
increased presynaptic marker staining and elevated activity
upon treatment with DHA (Cao et al. 2009; Kim et al. 2011a).
Our finding that DHA increased the density of both excitatory
and inhibitory synaptic sites indicates that while network

connectivity is increased, it remains balanced. Indeed, the DHA-
induced improvements in synaptic connectivity we measured
using immunocytochemistry match the enhanced maturation
of physiological network properties in presence of this ω-3 fatty
acid as recorded using MEAs. Specifically, DHA elevated spike
and burst activity, together with higher bursting strength and
burst synchronization, and more complex oscillatory behavior.
The DHA-dependent increase in synapse size may contribute
to these effects as strength increases on the level of individual
excitatory synapses are linked to enlargement of spines (Harvey
and Svoboda 2007) and presynaptic bouton volume (Meyer et al.
2014). Our results point not only to networks being better
connected in presence of DHA but also to more dynamic and
tuneable neuronal communication.

These effects are complemented by higher dendrite com-
plexity upon DHA treatment, a role that also appears conserved
as tadpoles from DHA-deprived mothers have simplified den-
dritic trees (Igarashi et al. 2015). This ω-3 fatty acid therefore
impacts multiple aspects of neuronal differentiation, and our
result that it increases both synapse density per length dendrite
and the cumulative length of dendritic segments supports that
it substantially increases the total number of synaptic inputs per
neuron. DHA treatment hence robustly promotes the potential
for neuronal connectivity in maturing neurons.

We performed functional analyses of DHA in the maturing
visual cortex. This region was chosen for 2 reasons, first, because
the stereotypic postnatal maturation of sensory systems enables
to readily discern treatment effects and second, because the
analysis of neural responses to visual cues can identify dis-
tinctly cortical processing features (Espinosa and Stryker 2012).
We used mice as they are a well-established model organism
for vision research due to the conserved connectivity of the
visual system compared with primates and the similarly pro-
longed postnatal development of visual acuity in mice (Prusky
and Douglas 2003; Niell and Stryker 2008). Further, the func-
tional maturation of the visual cortex in mice follows a pattern
with little inter-individual variability, ensuring robust results
(Freeman and Marg 1975; Fagiolini et al. 1994; Huang et al. 1999;
Heimel et al. 2007). Our visual acuity recordings at P28, that
is, 2 weeks after eye opening in mice, determined that DHA
significantly promotes cortical input processing already at this
stage. Maturation of the visual cortex is complete by P35, and our
recordings at this later stage showed that continuous DHA sup-
plementation improves visual acuity even after the visual cortex
has developed. This is consistent with the beneficial effects
of DHA supplementation on visual acuity in healthy infants
(SanGiovanni et al. 2000; Birch et al. 2010). These results support
that this ω-3 fatty acid promotes the postnatal establishment of
cortical function.

How does DHA achieve its effects? The synaptic parameters
we have measured in vitro are improved with different dose
dependencies and elevating DHA amounts first increases
synapse number before making them larger. This indicates
that DHA engages mechanisms that are activated at select
thresholds to promote different aspects of synapse develop-
ment. The mechanisms through which this ω-3 fatty acid may
support neuronal differentiation are complex (Salem et al.
2001; Kim et al. 2011a,b; Calder 2012). One pathway is provided
by the DHA metabolite N-docosahexaenoylethanolamide that
increases the number of excitatory presynaptic sites via its
G-protein coupled receptor GPR110 (ADGRF1; Lee et al. 2016).
Additional mechanisms include biophysical effects of DHA
that render membranes more deformable (Manni et al. 2018)
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and alter membrane fluidity and liquid-ordered domains
(Hashimoto et al. 1999; Stillwell et al. 2005; Pinot et al. 2014). In
addition, dietary DHA regulates gene expression, which involves
activation of the nuclear retinoid X receptor (de Urquiza et
al. 2000; Kitajka et al. 2002). Moreover, the effects we report
for DHA in synaptic connectivity may involve brain-derived
neurotrophic factor (BDNF). Dietary deficiency of DHA during
brain maturation lowers brain BDNF amount across species
and impairs BDNF signaling (Bhatia et al. 2011; Igarashi et al.
2015), while DHA supplementation of adult rodents is sufficient
to increase BDNF (Wu et al. 2008). Given the roles of BDNF
signaling in the formation and maturation of synapses (Huang
and Reichardt 2001; Zweifel et al. 2005; Park and Poo 2013), this
neurotrophin may in part underlie DHA effects. Interestingly,
the growth factors BDNF and IGF-1 improve visual acuity in
rodents similar to DHA in our study (Huang et al. 1999; Sale
et al. 2004; Ciucci et al. 2007; Mardinly et al. 2016). Future work
can investigate to what extent these signaling pathways are
modulated by DHA.

The effects of DHA we report here occur during a key period
of postnatal brain maturation. It has been assessed that the
developmental stage of sensory cortices in mice at P28 approxi-
mately corresponds to human sensorimotor cortex at 15 months
of age (Workman et al. 2013). In rodents and primates, synapses
are formed at a fast pace preceding these periods. Synaptogene-
sis in the mouse cortex peaks during the second and third week
after birth (Aghajanian and Bloom 1967; Micheva and Beaulieu
1996). In primates, rapid synaptogenesis occurs in the visual
cortex until about 8 months of age, followed by input refine-
ment and pruning (Huttenlocher et al. 1982; Rakic et al. 1986).
Concomitantly, visual acuity in children modestly improves in
the first 6 months and then steadily increases after 12 months
of age until it plateaus at 5 years (Dobson and Teller 1978; Mayer
and Dobson 1982). In agreement with a translational relevance of
our results, continued DHA supplementation of healthy infants
supports visual acuity (SanGiovanni et al. 2000; Birch et al. 2010)
and improves visual impairments in preterm children (Molloy
et al. 2012). DHA appears to act most potently during specific
windows. DHA treatment for only 7 days up until P35, that
is, after maturation of the visual cortex is mostly complete,
did not improve visual acuity, though other aspects of cortical
function may still be supported. Regarding visual acuity, this lack
of an effect after temporary treatment differs from the strong
benefits of DHA administration from birth at P28 and later.
These results support that DHA is more effective when already
provided during development, and its early administration may
set the stage to further advance brain maturation. DHA may not
only involve improved synapse development but also processes
such as synaptic remodeling and input refinement, which can
be tested in future studies.

The findings reported here agree with the important roles
of polyunsaturated fatty acids in brain development and neuro-
transmission (Uauy et al. 2001; Innis 2008; Bazinet and Laye 2014)
and support that the progressive synaptic membrane enrich-
ment of DHA in the postnatal brain (Tulodziecka et al. 2016) is
functionally relevant. These roles can be viewed in the context
of the complex lipidome of the mammalian brain, especially
of the human brain, and the dynamic lipid composition of
synaptic membranes (Dotti et al. 2014; Bozek et al. 2015). DHA
amounts fluctuate strongly with dietary intake and show higher
variability than other long-chain polyunsaturated fatty acids
in breast milk (Smit et al. 2002; Brenna et al. 2007). Steadily
supplied dietary DHA may both increase and stabilize brain DHA

levels and even contribute to the long-term benefits of maternal
DHA supplementation during lactation on cognitive functions
of toddlers and preschool children (Helland et al. 2003; Jensen
et al. 2005). Together, our results underline that micronutrients,
including dietary lipids, can support the wiring of neuronal
networks and cortical information processing in the maturing
brain.
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