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Though neuroscientists have historically relied upon measurement of established nervous systems, contemporary
advances in bioengineering have made it possible to design and build artificial neural tissues with which to
investigate normative and diseased states [1–5] however, their potential to display features of learning and
memory remains unexplored. Here, we demonstrate response patterns characteristic of habituation, a form of
non-associative learning, in 3D bioengineered neural tissues exposed to repetitive injections of current to elicit
evoked-potentials (EPs). A return of the evoked response following rest indicated learning was transient and
partially reversible. Applying patterned current as massed or distributed pulse trains induced differential
expression of immediate early genes (IEG) that are known to facilitate synaptic plasticity and participate in
memory formation [6,7]. Our findings represent the first demonstration of a learning response in a bioengineered
neural tissue in vitro.

1. Introduction
Learning, the process by which a system acquires or modifies infor
mation [8], is an intrinsically adaptive biological strategy. Once dedi
cated to an animal’s memory, the utility of learned responses parallel
those conferred to the species through natural selection by facilitating
the avoidance of noxious events [9,10], the pursuit of rewards [11,12],
and ultimately, self-propagation. Non-associative learning represents a
rudimentary operation that has been observed ubiquitously in nature
from primates [13,14] to protozoa [15,16]. It is operationally defined as
any change to the parameters of a response upon repetitive stimulation
[17]. That is, when continually stimulated, most organisms learn to
either suppress (habituate) or enhance (sensitize) their outputs contin
gent upon a history of inputs. Until recently, the study of learning was
restricted to the observation and manipulation of naturally-derived or
ganisms and their established nervous systems; however, recent ad
vances in neural tissue engineering have made it possible to build
minimal, synthetic tissue constructs with which to explore the
structure-function degeneracy of cognitive processes such as learning

and memory.
We therefore hypothesized that synthetic neural tissues, designed
and fabricated in the laboratory, could exhibit stimulus-response pat
terns similar to those observed in animals [18,19] and slice preparations
[20]. As previously reported, our bioengineered tissue model is
composed of a three-dimensional (3D) silk-based scaffold seeded with
embryonic rat neurons and glia [21]. Unlike classical cortical histo
architecture which reflects a predictable laminar morphology, the
anatomy of our neural tissue constructs can be customized according to
desired specifications. Without an imposed design, neurons
self-assemble into dense, haphazard networks within the scaffolds. The
tissues display robust electrophysiological activity [22] and secrete ex
pected biochemical factors [23]; however, it remains unclear whether
they are capable of complex functional responses. The goal of the pre
sent work was to demonstrate reversible learning responses and paired
synaptic plasticity in an artificial, bioengineered neural tissue.
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2. Methods

delivered as a pulse train (frequency:1 Hz; stimulus magnitude: 80 pA;
stimulus duration: 300 ms duration). Neither series resistance compen
sation, liquid junction potential, or leak correction were applied.

2.1. Bioengineered neural tissues
Bioengineered 3D cortical tissues (Fig. 1) were assembled, following
our established protocol [24]. Briefly, the brains of embryonic rat pups
(E18, Sprague-Dawley, Charles River) were harvested and their cortices
were resected. Following trypsin-digestion and re-suspension of neurons
and glia, silk fibroin (6% w/v) scaffolds (6 mm diameter, 2 mm height, 2
mm central window) were seeded with 106 [6] cells suspended in a 100
μL aliquot of media, which was composed of Gibco Neurobasal medium
(Thermo Fisher), 1% v/v L-alanine-L-glutamine dipeptide (GlutaMAX)
supplement (Thermo Fisher), 2% v/v B27 supplement (Thermo Fisher),
and 1% v/v penicillin-streptomycin (Corning). Attachment proceeded
undisturbed until 24 -hs post-seeding, whereupon samples were
embedded in collagen type-I (rat) hydrogels (3 mg/mL) that were
pH-adjusted to 7.4 using NaOH. Samples were maintained in 1
mL/scaffold of media in 24-well plates for 2 weeks to promote growth,
connectivity, and maturation before testing.

2.3. Local field potentials (LFPs) of 3D cultures
Electrophysiological activity in of 3D cultures was measured by local
field potentials (LFPs) collected along the surface of each tissue sample.
Before initiating the habituation protocol (described elsewhere), sam
ples were transferred to 35 mm plastic petri dishes (Corning) with 2 mL
of the extracellular solution (described elsewhere). To approximate
physiological conditions, samples were maintained at 37 ◦ C (WP-16
Warmed Platform, Warner Instruments). Potential differences (mV)
were measured between an Ag-AgCl reference electrode placed at the
periphery of the petri dish and a glass pipette (80− 140 MΩ) which was
inserted into the scaffold region of the tissue sample. Signals were
relayed to a digital amplifier and then to an Axon Instruments analog-todigital converter. Traces were recorded in Clampex 10.7 (Axon In
struments) with a sampling rate of 2500 Hz and exported to Clampfit
10.7 (Axon Instruments) to perform an analysis of evoked-potentials
(EPs). To validate the LFP collection procedure, we measured sponta
neous activity in scaffolds containing cells (+Cells) and compared them
to scaffolds containing no cells (-Cells) (Fig. S1B).

2.2. Patch-clamp recordings
Patch-clamp experiments (Fig. S1A) in the whole-cell configuration
were carried out in the I/0 configuration after 14 days of 2D culture at T
= 37 ± 1 ◦ C. Neurons were superfused with an external solution con
taining (mM): 129 NaCl, 1.25 NaH2PO4, 1.8 MgSO4, 1.6 CaCl2, 3 KCl, 10
Na-HEPES, 35 glucose, pH 7.4. The pipette resistance was 5–8 MΩ when
filled with an intracellular-like (mM): 120 K-gluconate, 15 KCl, 2 MgCl2,
0.2 EGTA, 20 phosphocreatine, 2 ATP-disodium, 0.2 GTP-disodium, 0.1
leupeptin, 10 HEPES-KOH, pH 7.2. To investigate the single cell
response to a habituation protocol, neurons were held at − 70 mV and
two 20s-long electric stimulations (20 s inter-stimulation interval) was

2.4. Habituation protocol
To generate current, we coupled an A310 Accupulser to an A365
Stimulus Isolator (World Precision Instruments). Bipolar electrodes
delivered current to the surface of the scaffolds. The LFP probe from
which voltage (mV) was recorded was positioned directly between the
prongs of the bipolar electrode (Fig. 2A). The applied current pulse (1 ms
width, square wave) was set to 5000 μA, 500 μA, or 50 μA (intensity

Fig. 1. 3D bioengineered neural (cortical) tissues. Rat cortical cells were isolated from embryonic pups (E18) and seeded in silk-based scaffolds to generate bio
engineered cortical tissues. The scaffold region, rich with silk fibers (auto-fluorescent blue, indicated by white arrows), was densely populated by cell bodies
(indicated by yellow arrows) and local neural networks whereas the hydrogel region of collagen was largely composed of a field of neurites, connecting distant
regions of the tissue construct (green cell bodies = TUJ1, blue nuclei = DAPI). *PRINTED IN COLOUR.
2

N. Rouleau et al.

Neuroscience Letters 750 (2021) 135799

variable) and was delivered as a unipolar signal, travelling across the
tissue surface and through the recording region. The signal frequency
was either 0.5, 1, or 2 Hz. The number of stimulations was held constant
across conditions such that increased frequencies resulted in less total
stimulation time relative to lower frequencies. Tetrodotoxin (TTX, 10
μM) was used to block voltage-gated sodium channels and suppress
action potential generation associated with the applied current. Stimu
lating samples while blocked by TTX at the end of each trial served as a
means to remove variance generated by the applied current, unmasking
the contribution of the underlying biological signal [22].
The paradigm (Fig. 2B) proceeded as follows: (1) 1 min of baseline
recording, (2) 30 stimulations, (3) 30 s of rest with baseline recording,
(4) 30 stimulations, (5) 30 s of baseline recordings, (6) an injection of
TTX, (7) 1 min of baseline recording and TTX perfusion, and (8) 30
stimulations while blocked by TTX. To extract EPs, spikes generated by
applied current were isolated using the threshold search function in
Clampfit 10.7, specifying a 0.4 mV threshold, extracting a trace with
pre- and post-trigger lengths of 1.5 and 12.5 ms respectively. In some
cases, spike detection was not achieved, and individual stimulations
were excluded from the analysis – therefore some trials involved less
than 30 stimulation events. To reduce trial-to-trial variability, only the
first 15 EPs were analyzed. Because a plateau was achieved after < 5
stimulations, 15 EPs were more than sufficient. Once extracted, the TTXblocked signals were used to generate an averaged waveform charac
teristic of the trial-specific current application and subtracted from the
stimulation phases to reveal EPs. To validate the method, we stimulated
both + Cells and -Cells scaffolds to compare averaged raw EP amplitudes
(Fig. S1C).

mV values were then exported to IBM SPSSv20 and z-transformed
(number of standard deviations from the mean; do not reflect absolute
mV magnitude) within trials to generate normalized time-series’
reflective of the successive amplitudes of the evoked potentials for a
given trial (Fig. S1D). These data were then re-scaled from 0 to 1 using
the min-max normalization method to eliminate negative z-score values
while preserving their distribution (Fig. S1E, F). To quantify habitua
tion, the average re-scaled z-score associated with the last 3 stimulations
was divided by the average re-scaled z-score associated with the first 2
stimulations to generate a habituation quotient (HQ) [30,25] where a
value of 1 represented non-habituation. As we predicted, repetitive
stimulation generated a directional response (i.e., decreased EP
magnitude over time), thus, it was sensible to use one-tailed hypothesis
testing with an α = 0.10. The more conservative α-levels of 0.05 or 0.001
are also reported throughout the text.
2.6. Massed vs distributed training paradigm
Supplemental to the main paradigm, supportive experiments were
designed to demonstrate the role of stimulation pattern on synaptic
plasticity. Samples were transferred to 35 mm plastic petri dishes con
taining warmed extracellular solution (LFPs were not measured). Pulses
of current (1 Hz, 5000 μA) were injected into the samples with either a
massed (M) or distributed (D) training schedule. In the case of both
stimulation patterns, 60 pulses were delivered in total; however, the
group receiving the distributed training was injected with current in
trains of 20 pulses, each separated by 1 min whereas the group receiving
the massed training was injected with one block of 60 stimulations. The
stimulation protocol was not modeled after typical LTP-inducing se
quences that involve bursts of high frequency (~100 Hz) pulses with
inter-stimulus intervals on the order of tens or hundreds of milliseconds.
Other samples were manipulated, exposed to the same extracellular
solution, equipment, and temperature but never stimulated; because

2.5. Analysis of evoked potential data
A 5 ms window following the 1 ms stimulation width was extracted
to detect maximum peak amplitude of the EPs for each stimulation trace.

Fig. 2. Bioengineered neural tissues display habituation responses. Repetitive stimulation was applied to the surface of tissues while LFPs were collected, revealing
EPs (A). Each trial began with a baseline period where spontaneous electrical activity could be observed (1) followed by 30 stimulations (2), a rest period with more
spontaneous activity (3), a second set of 30 stimulations (4), another rest period (5), an injection of TTX marked by an artifactual spike upon perturbation of the
extracellular medium (6), a final rest period during which TTX perfused (7), and a final 30 stimulations (8) (B). Examining an average of all trials (n = 99), a
significant decrement of EP magnitude was observed over the stimulation period (C) where mean differences between the first and each subsequent stimulation event
increased over time, r = 0.60 (D). Presented as individual groups, decrements were consistent across conditions of frequency and amplitude though with varying
degrees of stability (E). Z-scores are normalized values that are not representative of EP magnitude in mV. Means ± SEMs are provided for each graph. Horizontal red
lines indicate when z = 0. Significant differences relative to the first EP are indicated, *p < 0.05, n.s. = no significant difference (p > 0.05). *PRINTED IN COLOUR.
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distributed and massed training occurred over longer and shorter pe
riods respectively, two control conditions were generated: distributed
control (CD) and massed control (CM) to accommodate time outside of
the incubator. After receiving 60 stimulations, samples were returned to
their wells containing media and incubated for 1 h to promote synaptic
plasticity [26,27]. After 1 h, samples were washed in phosphate buffered
saline, placed in RNA lysis buffer, vortexed, and stored at -80 ◦ C until
RT-PCR was performed.

habituation (Fig. 3A). We then hypothesized that either the initial
magnitude of the response or the net decrement was driving the
observed difference due to frequency. An ANOVA identified an effect of
frequency on the first 2 EPs [F(2,98) = 4.60, p = 0.01] but not for the
last 3 EPs (p > 0.05). The 2 Hz condition was associated with greater
normalized peaks among the first 2 EPs relative to other frequency
conditions (p < 0.005). These results suggested the magnitude of the
initial EPs relative to subsequent EPs was affected by frequency where
more frequent stimuli generated a more extreme initial response relative
to later responses.

2.7. Real-time quantitative RT-PCR array
Total RNA was isolated from bioengineered 3D cortical tissues using
the RNeasy Mini kit (Qiagen). Isolated RNA was quantified using
Nanodrop (Thermofisher) before conversion to cDNA using iScript
(BioRad) according to manufacturers’ protocols. Quantitative RT-PCR
was performed using SYBR green and the CFX96 Real-Time PCR
Detection System (BioRad) in accordance with the Qiagen RT2 Profiler™
PCR Array for markers of Rat Synaptic Plasticity (catalog #ARN-126Z).
Expression values were normalized against the housekeeping gene ß2
microglobulin (B2M).

3.3. Determining reversibility of the learned response
Next, we investigated whether the tissues displayed “spontaneous
recovery” after a rest period following the initial stimulation phase [17].
When individual cells were subjected to a similar protocol (patch-
clamp), we not only elicited a decrement in evoked action potentials, but
we demonstrated that the response recovered after a 20 s rest period
(Fig. S1A) To test for recovery in the 3D bioengineered samples, we
selected all trials that displayed an extreme initial normalized EP (z > 2)
indicative of the classic habituation curve (n = 21). Of this subset, there
were n = 5, n = 12, and n = 4 trials associated with the 2 Hz, 1 Hz, and
0.5 Hz conditions respectively. Examined together, a partial recovery
was evident with a paired t-test revealing a significantly increased
normalized EP following the rest period t(20) = 4.20, p < 0.001
(Fig. 3B). The impact of frequency became apparent when each group
was examined in isolation (Fig. 3C). The 0.5 Hz condition displayed a
significantly increased EP following the rest period (p < 0.005) with a
full recovery relative to the first EP of the habituation phase (p > 0.05).
The 1 Hz condition displayed a similar increase (p < 0.005) with a
partial recovery relative to the first EP of the habituation phase (p <
0.05). The 2 Hz condition, however, did not display any indication of
spontaneous recovery. Considered together, these data indicated that
learning was reversible in the bioengineered tissues.

3. Results
3.1. Evaluation of the habituation response
Bioengineered neural tissues (Fig. 1) were exposed to a nonassociative learning paradigm mirroring established habituation pro
tocols in vivo [18,19] and in vitro [20,28]. In brief, tissues were pulsed
with weak current at fixed frequencies and schedules to elicit EPs as
inferred by punctate increases in LFP measurements (Fig. 2A). It was
predicted that EPs would be diminished as a function of the repetitive
stimulation protocol (Fig. 2B). A repeated measures ANOVA revealed
simple effects of time [F(14,1260) = 5.65, p < 0.001] (Fig. 2C) and
stimulus frequency [F(2, 90) = 7.26, p < 0.001] on peak normalized EPs
with a marginal two-way interaction (p = 0.06). No significant effect of
amplitude was detected (p > 0.05). Comparisons across stimulation
events (time) revealed a decrement between the first event and every
subsequent event (p < 0.05 – p < 0.001). Plotting mean differences
between the first event and each subsequent event revealed a positive
association (r = 0.60), indicating a progressive decrement (Fig. 2D). The
result was consistent with the expected habituation profile. Post-hoc
tests indicated that the 2 Hz condition was associated with greater
overall peak normalized EPs relative to the 1 Hz (p < 0.05) and 0.5 Hz (p
< 0.001) conditions. While indicative of learning, further tests were
required to explore the putative interaction between time and frequency
in detail as well as the reversibility of the learned response.
All combinations of conditions are presented in Fig. 2E. Selecting for
each frequency independent of amplitude, paired t-tests were performed
to compare the first stimulation event with every subsequent event. Peak
normalized EPs decreased from the first to the second stimulation event
for both 0.5 Hz (p < 0.01) and 1 Hz (p < 0.001) conditions; however, at
least 2 events were required on average before a similar decrease could
be observed for the 2 Hz condition. A stable decrement associated with
the 1 Hz condition was also observed where peak normalized EPs
associated with each sequential event were significantly decreased
relative to the first event. This was not the case for the 0.5 Hz and 2 Hz
conditions (p > 0.05). Together, these results indicated a general
frequency-dependence of habituation, the initiation of the decrement, as
well as its stability.

3.4. Assessing synaptic plasticity
As has been known for over a century [31], the efficiency and sta
bility of learned responses in behaving organisms are contingent upon
the spatiotemporal distribution of stimulation events. That is, animals
learn differently if engagement with stimuli are experienced continu
ously (i.e., massed) or spread over several discrete periods (i.e.,
distributed) [32]. Similarly, but distinct from the applied pattern pre
sented here, the quintessential memory-encoding process long-term
potentiation (LTP) is also quite sensitive to the distribution of stimula
tion events. Therefore, we asked whether the same principles would
apply to our artificial neural constructs.
To assess synaptic plasticity, quantitative RT-PCR analysis of 3D
tissue constructs revealed marked differences in gene expression as a
function of the training pattern (Fig. 4A,B). Distributed (D) training
generated increased expression of genes that are known to govern syn
aptic plasticity relative to its equivalent control condition (CD). There
were no significant differences between massed training (M) and
equivalent controls (CM). Several genes associated with the Early
Growth Response (EGR) family of transcriptional factors emerged as
significantly upregulated in tissues exposed to distributed training
relative to other groups. We also examined several genes that suppress
memory and learning (e.g., Ppp1ca) or those that were non-specific (e.
g., Ppp1cc, Ppp3ca, Mapk1); however, no significant differences were
observed between tissues exposed to distributed training and equivalent
controls (Fig. S2). These data suggested that bioengineered tissues can
be induced to express the early molecular markers of memory formation.

3.2. Quantification of the degree of habituation
To further quantify the learning response a habituation quotient
(HQ) was computed [29,30]. A one-way ANOVA revealed an effect of
frequency on HQ, F(2,98) = 2.39, p < 0.10. The 2 Hz condition dis
played reduced HQ values relative to other conditions, indicative of

4. Discussion
We observed a clear frequency-dependent (Fig. 3A) and partially
4
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Fig. 3. Habituation quotient (HQ) and spontaneous recovery are frequency-dependent. HQ values were significantly diminished when exposed to 2 Hz stimuli
relative to other conditions, indicating learning; there was no effect of current amplitude (A). Following the stimulation sequence (shaded red area) and a brief rest
period, tissues were re-stimulated to test for the emergence of spontaneous recovery (shaded blue area). Examining a subset of trials (n = 21) associated with
habituation curves with an extreme initial (1st stimulation) normalized EP (z > 2), increased average normalized EP magnitude was observed during the spontaneous
recovery phase followed by a secondary decrement of the response (B). Trials associated with the 2 Hz condition (n = 5) did not display spontaneous recovery, while
1 Hz (n = 12) and 0.5 Hz (n = 4) conditions displayed increased normalized EP magnitude following the rest period (C). Means ± SEM are provided with significant
differences indicated, *p < 0.05, n.s. = no significant difference (p > 0.05). Horizontal red lines indicate when z = 0. *PRINTED IN COLOUR.
Fig. 4. Genes in the early growth response
(Egr) pathway are upregulated in response to
distributed training. Tissues were subjected to
distributed (D), massed (M) or control stimu
lation protocols to assess synaptic plasticity (A).
Samples were lysed to isolate RNA to determine
relative expression levels using Qiagen RT2
Profiler™ PCR Array for markers of Rat Syn
aptic Plasticity (catalog #ARN-126Z); red in
dicates maximal expression (B). Immediate
early genes (IEGs) including Jun, Fos, and
several members of the Egr family of genes
emerged as collectively upregulated in samples
exposed to distributed training. An overview of
the EGR family of transcription-regulatory fac
tors is provided including key characteristics
and cortical layers of maximal expression (C).
Labels: CONS = consolidation; LTM = longterm memory; CR = conditioned responses;
LTP = long-term potentiation; STM = shortterm memory. *PRINTED IN COLOUR.

reversible (Fig. 3B,C) habituation response which achieved an asymp
tote (Fig. 2C). Some results were unexpected, including displays of
variable EPs following the initial decrement (Fig. 2E) and the absence of
spontaneous recovery associated with the 2 Hz condition (Fig. 3C). The
former result may indicate the heterogeneity of the tissues or variable
placement of the electrodes relative to embedded networks. With regard

to spontaneous recovery, the trend suggests that as frequency decreased,
recovery was more likely (Fig. 3C); however, the underlying mechanism
is not apparent from the data. Perhaps the 2 Hz condition produced a
more long-lasting habituation response that exceeded the brief (30 s)
interval between the initial and secondary stimulation periods though
conclusions cannot be draw as other intervals were not tested.
5
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Results from the RT-PCR assay revealed an upregulation of imme
diate early genes (IEGs) including Fos, Jun, and Egr1− 4 (Fig. 4B). The
EGR transcriptional factors (Fig. 4C) are known to underly synaptic
plasticity and long-term memory formation [6,7]. Like other IEGs, EGR
family members are rapidly and transiently expressed in response to
neuronal activation. LTP, electroconvulsive shock, and learning para
digms are known to increase Egr family expression [33–35]. The pulsed
injections of current that we used to stimulate the bioengineered neural
tissues are, however, distinct from those used in classic LTP, as explained
previously. As expected the distributed current pattern successfully
induced synaptic plasticity. The spontaneous recovery data presented in
Fig. 3B,C and the gene expression data indicate that cells did not die
when injected with current; rather, responses were dependent upon the
parameters of the applied stimuli. Egr1 and Egr3 are involved in the
maintenance of LTP as well as long- and short-term memory respectively
[7,36,37], whereas Egr2 is thought to facilitate memory consolidation
[7]. Egr4, however, does not have any known role in memory, though it
may be linked to intelligence [38]. While these results are interesting
and supportive of the main hypothesis, a detailed exploration of
mechanisms underlying the expressed response to distributed training
was beyond the scope of the present work.
The bottom-up design, assembly, and experimental manipulation of
bioengineered neural tissues [1–5] is expected to reveal how complex
functions can emerge from minimal parameters. Our previous work has
focused on disease and injury [23,39]; however, the model’s suitability
as a platform to study normative processes such as learning is evident. In
addition to the present work, our recent use of calcium signaling to
reveal the sub-surface, network-like dynamics of the model system [40]
contributes to an ongoing effort toward the recapitulation of high-order
functions such as problem-solving and decision-making in vitro.
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