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Abstract

Implantation of guide cannulas is a widely used technique to access specific brain areas. Although commer-
cially available, the need to personalize these implants and the high cost prompted us to design open-source
customized devices taking advantage of 3D printing technology. Our cannulas consisted in a 3D-printed head
mount designed according to the Paxinos coordinates to reach the CA1 area of the hippocampus. To cut
guide cannulas to the proper length, we designed and realized an original 3D-printed linear motion apparatus.
Polylactic acid thermoplastic polymer was used as printing material. Homemade or commercial cannulas were
implanted in 4- to 6-month-old wild-type mice and intrahippocampal injections of amyloid-b peptide at differ-
ent concentrations were performed. In vivo behavioral studies of novel object recognition indicated that results
obtained with homemade versus commercial devices were comparable. Methylene blue injections and Nissl
staining confirmed the correct localization of cannulas in the CA1 area of mouse hippocampus. Our method
allows a fast manufacturing of hippocampal cannulas preserving the required precision at very low cost.
Furthermore, this system can be easily modified to produce cannulas to target other brain areas. In conclu-
sion, 3D printing might be used as a useful and versatile technology to realize open-source customized devi-
ces in neuroscience laboratories.

Key words: 3D printing; behavioral studies; brain cannulas; hippocampus; neuroscience method; open source
apparatus

Significance Statement

In the neuroscience field, several methods require a chronic access to specific brain structures. Although
commercially available, the difficulties often encountered in terms of waiting time, high cost, and need to
customize these devices to target different brain areas, prompted us to realize an open-source modular ap-
paratus to produce guide cannulas exploiting 3D printing technology. Here we present a step-by-step pro-
cedure to realize hippocampal guide cannulas. The adequate manufacturing was validated by in vitro and in
vivo experiments, and the advantages were compared with available commercial approaches. We believe
that this work might be very useful to conduct research in all the fields where access to brain areas is
needed.

Introduction
The possibility of targeting specific brain areas is widely

used in the neuroscience field, and several methods have
been developed with the aim of administering drugs,

delivering viral vectors, and installing electrodes or optical
fibers. Among these, cannula infusion systems are widely
used for acute and chronic drug delivery in the brains of
animal models (Dong, 2018). The precise positioning of
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cannulas is granted by stereotaxic surgery that, relying on
a three-dimensional coordinate system, allows target-
ing the brain area of interest with micrometric preci-
sion (Geiger et al., 2008). However, the increasing
complexity of the scientific dilemmas requires custom-
ized solutions requiring very specific tools.
In this context, 3D printing technology has become an

extremely useful resource (Vyavahare et al., 2020), espe-
cially after the expiration of fundamental patents, that pre-
viously slowed down its dissemination to a broader public
(Hull and Arcadia, 1986). Concomitantly, new plastic mate-
rials have been developed, allowing the growth and spread
of the application of 3D printing technology in biomedical
industry, including various fields of medicine and neuro-
science (i.e., dentistry, preoperative planning, prosthesis
creation, drug discovery, medical training, and production
of laboratory equipment; Baden et al., 2015; O’Brien et al.,
2016; Dunham et al., 2018).
3D printing is an additive process that allows the physi-

cal realization of tridimensional objects under computer
control. A computer-aided design (CAD) software is
used to prototype the 3D model with accurate real-
world dimensioning. The 3D project is then elaborated
by a “slicer” software that cuts the model into a series
of two-dimensional cross sections used by the ma-
chine to create the object in a layer-by-layer fashion.
Among the different technologies, fused deposition
modeling (FDM) is one of the most used additive proc-
esses in 3D printers in nonindustrial environments.
FDM printers use a melt extrusion process where a
solid thermoplastic material is fed through an electric
motor into a heated liquefier or printing head. The lat-
ter is moved along the XY plane on top of a printing
bed while depositing the melted plastic on it. After a
layer is completed, the platform or the printing head is
moved along the z axis by the thickness defined during
the slicing process, allowing deposit of the following
layer. This process is repeated in a layer-by-layer fashion
until the object is completed (Masood, 2014; Penumakala et
al., 2020; Vyavahare et al., 2020).
3D printing technology is commonly used in several lab-

oratories to build a variety of objects (i.e., tube holders,
Western blot pestles, and tools for behavioral studies).
Recently, we wanted to explore the use of 3D printing to
produce customized guide cannulas for intrahippocampal
drug delivery in mouse models. In fact, although these devi-
ces are commercially available, the high costs, especially
when several of them are needed for a set of experiments,

the poor modularity, and the long waiting times if a cus-
tomized nonstock length is needed, might represent a
serious difficulty in ensuring laboratory efficiency. Based
on these premises, our goals were as follows: (1) to pro-
duce cannulas guaranteeing high quality standards re-
quired for scientific experiments; (2) to obtain adequate
results with minimum cost; (3) to realize a versatile sys-
tem able to produce customized cannulas for different
brain areas; and (4) to make our system usable by other
laboratories.

Materials and Methods
3D printer
All of the 3D-printed objects used for this work were

realized by a customized version of the i3 FDM 3D printer
(Prusa Research). The printer used an E3D V6 hot end
(E3D) coupled with a Titan extruder (E3D) in a direct extru-
sion configuration. The z-axis movement was transmitted
by 8 mm lead screws. Electronics consisted of Freaduino
Mega 2560plusRamp 1.4. NEMA 17 Bipolar stepper mo-
tors (2.5 A, 1.8°/step) controlled by StepStick A4988
Drivers. All prints in this work were made with polylactic
acid (PLA) filament (diameter, 1.75 mm).

Hippocampal cannulas
The head mount was 3D printed in PLA with a 250mm

nozzle at 205° (210° for the first layer). Layer height was
set at 50mm, while the printing speed was set at 40 mm/s
with an extrusion multiplier of 0.95. As a source of surgical
steel, 26 gauge 80 mm spinal needles cut at the appropri-
ate length were used.
Before production, we evaluated the following: (1) the

length of the guide to reach the brain area of interest; (2)
the interdistance between guides (corresponding to me-
diolateral distance� 2) to produce a double-sided guide
cannula; and (3) the diameter of the guide based on the
devices to be inserted (surgical steel guide). To calculate
the guide length and the interdistance between guides,
we referred to the Paxinos mouse brain atlas. For the
guide diameter, considering the internal cannula used to
infuse drugs, we chose 26 gauge spinal needles that were
sufficiently large to make the internal cannula enter but
prevented it from swinging.
Cannulas were photographed by a USB digital micro-

scope, and length was analyzed by the Image J software.

Linear motion-cutting system
The linear motion-cutting system was realized by as-

sembling different components that were 3D printed in
PLA. The detailed materials needed to realize the cutting
apparatus is reported in Table 1. The list of required 3D-
printed parts is reported in Table 2.

Design files
Detailed step-by-step instruction to realize the cut-

ting system can be found in Extended Data Figure 1-1.
Standard for the Exchange of Product Data (STEP)
files, Stereo Lithography interface format (STL) files,
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and technical drawings to reproduce our system (guide
cannulas and cutting system) can be found in Extended
Data Figure 2-1.

Validation of the homemade cannulas
Animals
Experiments were performed on sex-balanced 4- to

6-month-old C57BL6/J wild-type mice (RRID:IMSR_
JAX:000664), obtained from a breeding colony kept at
the University of Catania. Mice were maintained with a
controlled temperature (21 6 1°C) and humidity (50%)
on a 12 h light/dark cycle, with ad libitum access to food
and water. All experiments involving animals were con-
ducted in accordance with the guidelines laid down by
the European Community Council (2010/63/EU) and the
ARRIVE (Animal Research: Reporting of In Vivo Experiments)
guidelines. The experimental protocols were approved
by the University Institutional Animal Care and Use Co-
mmittee (Protocols #327/2013-B and #119–2017-PR).
The experiments complied with the ARRIVE guidelines
and were conducted to minimize the pain and suffering of
the animals.

Surgical procedure
Cannula implantation was performed as previously

described (Gulisano et al., 2019; Leggio et al., 2019).
Aft er anesthesia with intraperitoneal injection of

tiletamine plus zolazepam (60mg/kg) and medetomi-
dine (40mg/kg), mice were implanted with our hippo-
campal homemade guide cannulas or commercial
ones according to the following coordinates: anteroposte-
rior = �2.46 mm; mediolateral (ML) =61.50 mm, dorsoven-
tral (DV)=1.3 mm. Cannulas were fixed to the skull with
acrylic dental cement (Rely XTM, Unicem, 3M), and mice
were allowed to recover for a minimum of 6–8 d after
surgery.

Nissl staining
Mouse brains were removed and fixed in 4% para-

formaldehyde in 0.1mol/L phosphate buffer solution,
pH 7.4. Then, serial coronal sections of the brains
were cut at 80 mm thickness. Sections in the range
between6240 mm from the cannula insertion site were
stained with Nissl staining (0.1% thionin), a histologic
method classically used to assess morphology and
general cell distribution, and visualized by light mi-
croscopy at 4�magnification (Gulisano et al., 2019). In
another set of experiments, methylene blue was in-
fused, and the brains were then removed and freshly
cut to visualize the marker.

Amyloid b preparation and infusion
Oligomeric amyloid b 42 (Ab 42) was prepared as previ-

ously described (Stine et al., 2003) to reach a final concen-
tration of 200 nM or 200 pM, which are known to exert

Table 2: List of the required 3D-printed parts for building the cutting apparatus

Item Quantity Production Cost (e)
Bottom rail support 1 4 h 30min 2.30
Top rail support 1 7 h 4.20
Multitool positioner 1 3 h 30min 1.20
Multitool support 1 5 h 1.70
Multitool tightener 1 50min 0.30
Multitool spacer 2 10min (20min total) 0.05 (0.10 total)
Base carriage 1 2 h 15min 0.70
Length regulator base 1 1 h 50min 0.65
Length regulator 1 1 h 45min 0.50
Centering support 2 10min (20min total) 0.025 (0.05 total)
Cannula support: hippocampus 1 40min 0.20
Cannula support: cover 1 15min 0.10
Cutting length: regulator handle 1 20min 0.05
Carriage handle 1 1 h 20min 0.30
Total 30 h 12.35

All production times are derived from the following printing parameters: speed=60 mm/s; layer height = 200mm; infill = 20%; nozzle diameter = 400 mm. Different
parameters will influence printing times. Reported costs are an estimate, based on that of generic PLA. All costs are expressed in euros.

Table 1: Bill of materials for the cutting apparatus

Item Description Quantity Cost (e)
3D printer Any FDM with sufficient build volume 1 400–1500
Stainless steel rod 200–300mm, Ø, 8mm 2 10
Linear ball bearing LM8UU Ø, 8 mm 3 5–10
Neodymium magnets Cylindrical 10 � 2 mm 5 2
C- Clamps Size depends on the mounting surface 4 20
Screws, nuts, washers and springs Supplementary information Supplementary information 30
Multitool Dremel rotary tool or equivalent 1 50–100
Blade and blade support Diamond coated 1 30

Total 550–1700

The required hardware for building the cutting apparatus and start the cannula production. All costs are expressed in euros.
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opposite effects on memory processes (Gulisano et al.,
2018). Ab or vehicle was bilaterally infused into the hippo-
campus in a final volume of 1ml over 1min with a microsyr-
inge connected to the cannulas via polyethylene tubing.
During infusion, animals were handled gently to minimize
stress. After infusion, the needle was left in place for another
minute to allow diffusion.

Novel object recognition
Mice were divided in the following experimental groups

and treated by intrahippocampal injections through our
homemade cannulas or commercial devices: (1) eight
mice treated with 200 pM Ab ; (2) eight mice treated with
200 nM Ab ; and (3) eight mice treated with vehicle.
Novel object recognition test was performed as previously

described (Gulisano et al., 2019). The arena was a white
plastic box, and objects were 3D printed in PLA (Gulisano et
al., 2018). Mice underwent 3d of habituation to freely ex-
plore the for 10min the arena (day 1) or two objects ran-
domly chosen among our collection (days 2–3). During the
fourth day, mice underwent the intrahippocampal treatment
20min before the training phase (T1), consisting in a 10 min
exploration of two identical objects inserted into the arena.
After 24 h, during the testing phase (T2), one of the objects
explored in T1 was substituted with a novel object, and
mice were allowed to explore for 10min. After each trial, the
box and the objects were cleaned with 70% ethanol and
dried with absorbent paper.
The time spent exploring the objects was scored using a

personal computer by an experimenter who was blinded to
the conditions tested. We measured the discrimination
index (D; exploration of novel object minus exploration of
familiar object/total exploration time) and total exploration
time. We excluded from the analysis mice with a total ex-
ploration time,5 s.

Statistics
Statistical analysis was performed by using different

tests, based on preliminary analyses of normal distribution.
One-way ANOVA with Bonferroni’s post hoc correction
was used to analyze the discrimination index and total ex-
ploration time in different experimental conditions in ani-
mals implanted with commercial or homemade cannulas.
Two-way ANOVA using treatment and cannula type as var-
iables was used to compare results obtained in commer-
cial versus homemade cannulas. One-sample t test was
used to compare obtained length with expected length
of guides (1300mm). Systat 9 software was used for sta-
tistical analyses. Data were expressed as the mean 6
SEM. The level of significance was set at p, 0.05.

Data availability
We have made our device available under an open

source patent in Creative Commons.

Results
Realization of intrahippocampal cannulas
Product validation, from design to realization, had the

sole aim of easily creating a quality product to be used in

our laboratory. No industrial or commercial purposes
were considered.
The cannula consisted of a 3D printed head mount in

which surgical steel guides were inserted and cut at the
appropriate length (Fig. 1a). We first designed the double
guide cannula to reach bilaterally the dorsal hippocampus
(Fig. 1b). The head mount had an octagonal prism shape
and an internal allocation space for the two guide cannu-
las (length, 6.6 mm; diameter, 0.65 mm) with a 1.5 mm in-
terspace (Fig. 1c,d). Before its assembly, the head mount
consisted of two parts (i.e., a body and a shell), a design
chosen to allow an easy placement of the guides and the
possibility of fixing them in the correct position. Guides
were easily placed into the head mount, fixed in the cor-
rect position, and cut to the appropriate length by a cus-
tomized cutting apparatus. The length of the left guide
(1308.766 12.6mm) and right guide (1299612.4mm)
were equal to the expected length (1300mm; one-sample t
test; left side: t(25) = 0.696, p=0.493; right side: t(25) = 0.073,
p=0.942; Fig. 1e). The patency of both guide cannulas
was verified after cut. To assess it, a smaller guide was in-
serted into both cannulas, ensuring that it passed all the
way through. The production success ratio in terms of pat-
ency was 90%.

Realization of the cutting apparatus
The prototype of the cutting apparatus was designed to

obtain steel guides with a uniform and proper length. It
consisted of a linear motion carriage that could be pushed
straight to a cutting blade of a fixed rotary tool (Fig. 2a–e;
see Extended Data Figs. 1-1 and 2-1 for details of cutting
apparatus realization).
After realization, we first evaluated the stability of the

cutting frame and found that it was secured by the wide
surface area and the presence of two grooves hosting C-
clamps to fix the structure to a table. This arrangement at-
tenuated vibrations caused by the rotatory tool (Fig. 3a,b).
The rotary tool support, mounted on the base and fixed to
a movable structure, allowed modification of the position
of the cutting blade (Fig. 3a,b).
The parallel positioning of the bars of the linear rail was

granted by hosting their extremities in the base of the cut-
ting frame and, on the opposite side, in a 3D-printed sup-
port clamped to the table (Fig. 3c,d).
The carriage could be easily moved back and forth

along the linear rail by a 3D-printed handle (Fig. 4a,b). The
system was held in place by the tension of the springs
and stabilized by two holders placed on the side that fixed
the carriage to the base (Fig. 4c,d).
The cannula holder was adequate to host the cannula

head mount. The cylindrical neodymium magnets (Fig.
5c,d) were able to keep guides in place during the cutting
process that is described in detail in Figure 6.

Homemade cannulas reached the CA1 area of the
hippocampus
After production, we evaluated whether guides effec-

tively reached the target area (i.e., the hippocampus).
We observed the fresh brain to exclude macroscopic

Research Article: Methods/New Tools 4 of 12

September/October 2022, 9(5) ENEURO.0099-22.2022 eNeuro.org

https://doi.org/10.1523/ENEURO.0099-22.2022.f2-1
https://doi.org/10.1523/ENEURO.0099-22.2022.f2-2


Figure 1. Representation of head mount and guides. a, Photograph of a cannula of our production. b, Rendered image of an as-
sembled cannula. c, Exploded isometric view of the components and key parameters of a guide cannula. d, Technical drawing of
the head mount, including all of the relevant dimensions. All measures are expressed in millimeters. e, Left and right guides meas-
ured in 26 cannulas have the correct expected length of 1330mm. Data are expressed as mean 6 SEM.
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alterations of the tissue because of the procedure or the
reaction between PLA and acrylic cement. The mouse
brain that resulted was intact except for the two entrance
holes of the guide cannulas (Fig. 7a). Methylene blue in-
fusion showed that the marker reached the CA1 area of
the hippocampus (Fig. 7b), and Nissl staining confirmed
the correct position of the homemade cannula (Fig. 7c).

Results of in vivo behavioral studies obtained with
homemade cannulas were comparable to commercial
ones
To functionally validate our cannulas, we performed in

vivo studies to evaluate whether data obtained with our
homemade cannulas were comparable to those from
commercial devices. To this end, we performed intrahip-
pocampal injections of different concentrations of Ab
and studied its effects on the novel object recognition
behavioral task. Analyses of D confirmed that 200 pM

Ab improved while 200 nM Ab impaired recognition
memory in both mice treated by commercial (one-way
ANOVA: F(2,21) = 21.282, p, 0.0001; Bonferroni’s cor-
rection: p = 0.025 between vehicle and 200 pM Ab ;

p= 0.005 between vehicle and 200 nM Ab ; Fig. 7d) or
homemade cannulas (one-way ANOVA: F(2,21) = 14.742,
p, 0.0001; Bonferroni’s correction: p = 0.038 between
vehicle and 200 pM Ab ; p = 0.04 between vehicle and
200 nM Ab ; Fig. 7e), thus confirming the efficiency of our
customized system. Total exploration time was compa-
rable between the two groups in the three different ex-
perimental conditions (i.e., vehicle, 200 pM Ab , and 200
nM Ab ; one-way ANOVA: F(2,21) = 0.116, p = 0.891 for
commercial cannulas; F(2,21) = 0.634, p = 0.541 for
homemade cannulas; Fig. 7f,g). Two-way ANOVA, using
treatment and cannula type as variables, confirmed that
there were no differences in results obtained through
commercial or homemade cannulas when analyzing D
(F(2,42) = 0.119, p=0.888) or total exploration time (F(2,42) =
0.575, p=0.567).

Production time and costs
After validation, we calculated possible advantages in

terms of money and time saving. The price to purchase
the required hardware ranges from 600 to 1500 e, includ-
ing the 3D printer and the multitool (Table 1). To produce

Figure 2. Linear motion-cutting system. a, Rendered representation of the cutting system. b, Colored highlight of the single compo-
nents, as follows: (1) light blue, the cutting frame, formed by a base to host the final part of the linear rail and a support for the hand-
held rotary tool (Dremel); (2) pink, the linear rail, consisting of two 8 mm steel bars held by 3D-printed components to form a sliding
carriage; (3) violet, the cut length regulator allowing determination of the length of the guides; and (4) green, the cannula holder
placed on top of the carriage to host and hold the head mount in place during the cutting process. c–e, Photographs with front, top,
and closeup views of the actual apparatus built in our laboratory.
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the cutting apparatus, most of the components can be 3D
printed in ;30 h of total print time, costing ,15 e (if using
PLA as printing material; Table 2). The apparatus can be
assembled by a nonexperienced user in ;2 h. Regarding
the cannula production cost and time, the production pro-
cess can be subdivided into the following three steps: (1)
printing; (2) assembly and cut; and (3) validation.

Printing
A batch of 40 head mounts (including the shell) can be

printed in;6 h and 30min at a cost of;0.17e using the fol-
lowing high-resolution printing parameters: speed, 30 mm/s;
layer height, 50 mm; infill, 20%; nozzle diameter, 250 mm.
Costs and printing times for differently sized batches can
be found in Table 3.

Assembly and cut
Assembly of the steel guides with the head mount can

be performed as previously shown (Fig. 6). 26 gauge

spinal needles cost 0.02 e/mm. Considering that the length
of a hippocampal steel guide is 6.6 mm, it results in a cost
of 0.15 e each (thus, 0.30e for a pair). For a batch of 40
cannulas, the cost in terms of material for the steel guides
is ;12 e. The assembly and cutting time for each piece
varies with the experience of the user, but after an initial
training every piece can be assembled and cut in,3min.

Validation
In this last step, it is important to verify that all the needles

stay in place even if pushed and that both guides are patent.
The latter can be done by inserting a smaller needle into the
guides to ensure that it passes through (in our case, the in-
ternal disposable guide of the spinal needles was used).
Testing a cannula should require nomore than 1–2min.
In conclusion, a batch of 40 cannulas can be produced

at a cost of 12.20 e, in ;8 h (printing, 6 h; assembly time,
2 h; Table 3, different batch sizes).

Figure 3. Descriptive images of the cutting frame and the linear rail. a, Rendered image of the isolated cutting frame clamped to the
table. b, Schematic drawing of the cutting frame. The rotary tool support is mounted on the base and fixed to a structure that can
be moved to modify the position of the cutting blade and host air vents to avoid overheating. The rotary tool is equipped with a 38
mm circular diamond-coated blade. c, Rendered image of the linear rail and the base of the cutting frame, both clamped to the
table. d, Schematic drawing of the linear rail that is composed of two parallel 8�270 mm bars with a 46 mm interaxial distance.
The carriage consists of a base with two blind holes hosting three LM8UU linear ball bearings, two on one side and one on the
other side to ensure a straight alignment of the 8 mm bars. The base is equipped with a 3D-printed handle to move the carriage
back and forth along the linear rail. Another carriage is mounted on the top of the base by four socket head cap M3 screws.
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Discussion
In this article, we have shown how to realize custom-

ized cannulas to be implanted in animal models for in-
jections of substances into specific brain areas. In
particular, we have targeted the hippocampus and pro-
duced cannulas aimed to reach the CA1 area. The brain
was not substantially damaged by our homemade can-
nulas, except for the lesion because of implantation,
and positioning was correct as shown by methylene
blue injections and Nissl staining. We have chosen to
validate our system by injecting Ab , a peptide known to
be involved in Alzheimer’s disease pathogenesis and
able to modify hippocampal function, depending on the
dose (Gulisano et al., 2018). The results we have ob-
tained through behavioral studies showed the efficacy
of our method and confirmed that the experimental out-
come is ensured.

To print all the objects used in this work, we have cho-
sen PLA. Indeed, although a wide range of thermoplastic
materials can be used based on their characteristics of re-
sistance, simplicity of use, and biodegradability, PLA has
the following characteristics that makes it the best option
for applications in the biomedical field (Pawar et al., 2014;
Matos et al., 2019): (1) it is degradable as its synthetic raw
materials do not come from petroleum; (2) it offers good
biocompatibility as proved by its use as medical suture
material or drug sustained-release material; (3) because
of the low melting point, its dimensional precision is more
controllable; and (4) it presents very low decline in tough-
ness in the long-term use (Liu et al., 2019). Possible dis-
advantages are represented by the fragility of PLA 3D-
printed objects and the limited possibility of postprinting
finishing (Gordeev et al., 2016). Even if it has been previ-
ously shown that PLA, when exposed to some chemical

Figure 4. Cutting length regulator. a, Rendered image of the cutting length regulator, consisting of two main parts, both 3D printed.
b, Schematic drawing of the cutting length regulator. The moving part is inserted into its base by two trapezoidal slots. c, Rendered
exploded view of the cutting length regulator. d, Schematic drawing of the exploded view in c. The displacement of the carriage is
granted by the following two components: an M6 threaded rod, passing through the base and the carriage, with a self-locking M6
nut; an antibacklash system composed of two M3 socket head cap screws supporting two springs pushing from the surface of the
base to the inside of the carriage. The carriage can be moved by turning the screw and is held in place by the tension of the springs.
Two holders are placed on the side of the carriage fixing it to the base.
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substances, can induce inflammatory reactions (Ramot et
al., 2016) and, in the SNc, astrocyte and microglia activa-
tion, resulting in neural degeneration (Lewitus et al.,
2011), in our conditions PLA was used to print the head
mount that does not have any direct contact with the in-
jected substances or the brain tissue.
When choosing a source for surgical steel guides, we

opted for a cost-efficient solution represented by spinal
needles because of their easy availability and certified use
for medical purposes. However, for larger-scale produc-
tions it might be more efficient to order surgical steel tub-
ing in larger quantities directly from specialized suppliers.
The diameter of the spinal needle should be chosen
based on the internal cannula used to inject drugs or in re-
lation to the specific application (i.e., optical fibers). For
our implementation, we used a 26 gauge needle with an
80 mm length allowing production of ;53 guides (i.e., 26
double-sided cannulas).
3D printing can also be exploited to realize very low-weight

implants that allow multiple electrode recordings and/or fiber
optics for optogenetics in a more efficient way, as previously
demonstrated (Voigts et al., 2013; Harris et al., 2017).

It is important to specify that, here, we have shown how
to produce bilateral straight cannulas targeting the dorsal
hippocampus. The design of our cutting apparatus does
not allow production of angled cannulas, and this might
represent a limitation in cases where such approach is re-
quired to access certain brain areas. However, the avail-
ability to the source files and drawings of the project, and
the modularity of the apparatus might allow researchers
to modify only a fraction of the parts composing the de-
vice to produce customized angled cannulas based on
specific needs. The possibility of customized production
can also facilitate the development of new tools that are
not available in the market. For example, the experi-
menter can insert other devices (e.g., optic fibers, biosen-
sors, or electrodes) or couple them with guide cannulas for
drug infusion. In this case, a modification of the head
mount is required to host multiple items within its body.
Electrophysiological studies in behaving rodents might
also benefit from personalized head mounts designed to
ameliorate implantations of electrodes. For example, it is
possible to include a hole that can be used as a refer-
ence point for an easier positioning of electrodes during

Figure 5. Cannula holder. a, Rendered image of the cannula holder. b, Schematic drawing of the cannula holder formed by a base
and a lid. The base, designed to host the cannula head mount, shapes its octagonal form and presents with grooves for the guide
cannulas to stay in place. c, Rendered exploded view of the cannula holder. d, Schematic drawing of the exploded view in c. The
cannula holder hosts 10.2� 2.2 mm cylindrical neodymium magnets. Two magnets are inserted on the base of the cannula holder,
two on the lid, and one in front of the guides.
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the surgical procedure. When targeting a deeper struc-
ture, an additional steel guide as a housing device
might be inserted to avoid bending the electrode during
the implantation. To our knowledge, the cannula im-
plantation should not interfere with electrophysiological
recordings, as shown in previous works (Harris et al.,
2017; Hernan et al., 2017). In fact, the head mount is
made of PLA that falls into dielectric category in terms
of electrical conductivity and, according to the litera-
ture, it should not alter electrophysiological recordings;
indeed, to achieve electric conductivity, PLA must be
modified with carbon nanofillers such as nano-graphite,
carbon nanotubes, or graphene (Guo et al., 2019). On

the other hand, guides were made of surgical stainless
steel (SAE 440 and SAE 420), a high carbon steel al-
loyed with chromium, which has slight magnetic prop-
erties. Even if its influence should be negligible,
depending on the required characteristics, different
kinds of stainless steel tubing with lower a magnetic
permeability (e.g., austenitic stainless steel, which is
compatible with magnetic resonance imaging appara-
tuses) can be used (see ASTM International specifica-
tions: https://www.astm.org/f0899-20.html). Thus, printing
with alternative materials might be considered
to overcome this possible issue, but, in any case, a
validation procedure is recommended before starting

Figure 6. Illustrated step-by-step process of the cutting procedure. a, Positioning of cannula body in its holder with the open side
facing the end limit wall. The head mount body should be placed into its housing shaped in the cannula holder oriented as shown in
the insert. b, Regulation of the cutting length. Carriage is pushed underneath the blade (multitool turned off), and its relative position
is adjusted to the blade. For optimal positioning, the blade is as close as possible to the cannula without touching it. c, Positioning
of the steel guides and the head mount shell. The carriage is placed back into a safe position. Steel tubes (spinal needles) are in-
serted into the head mount through the appropriate guides until they reached the limit stop represented by the wall behind the can-
nula. A drop of superglue is placed on the cannula body and is covered by the shell part of the cannula to let the head mount be
assembled. d, Positioning of the magnetic lid to ensure a tight compression on the head mount ensured by the magnets. e, Cutting
of the steel guides at the appropriate length. The rotary tool (Dremel) is turned on at ;5000 rpm. The main carriage is pushed to the
rotating blade cutting the guides. After cutting, the carriage is moved back to the starting position, the rotary tool is stopped, and
the lid is removed to extract the cannula.
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Table 3: Production costs and times for differently sized cannula batches

Cannulas (n) Estimated print time Print cost Estimated time for assembly, cut and validation Total cost (e)
1 11min 4 0.3
5 50min 0.02 20 1.52
10 1 h 40min 0.04 40min 3.04
20 3 h 15min 0.08 1 h 20min 6.08
40 6 h 30min 0.17 2 h 40min 12.17
50 8 h 0.21 3 h 20min 15.21
100 16 h 0.4 6 h 40min 30.4

Total cost includes the price of the steel guides. All costs are expressed in euros.

Figure 7. Intrahippocampal cannula validation. a, Mouse brain after cannula removal. Guide holes are equidistant from the interhe-
mispheric fissure. b, Injections of methylene blue in the right hemisphere reaching the CA1 area. c, Nissl staining of the coronal sec-
tion of a mouse left hemisphere. The cannula lesion is visible above the hippocampus. d, In mice implanted with commercial
cannulas, intrahippocampal injections of 200 pM Ab increased the discrimination index, whereas injection of 200 nM Ab impaired
it. e, The same results are obtained in mice infused through our homemade cannulas. f, g, Total exploration time is not modified by
treatment in mice injected by commercial (f) or homemade (g) cannulas. *p,0.05; **p,0.01. Data are expressed as the mean 6
SEM.
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implementation of electrophysiological recordings
with our device.
In addition to the possibility of customizing the devices,

a relevant advantage of our system is represented by cost
reduction. In fact, a single purchased cannula usually
costs ;10–14 e, while the materials needed to produce a
homemade cannula cost ;0.25 e, thus allowing a 98.3%
saving. Even if this cost does not include the 3D printer
purchase, in recent years prices are becoming affordable
(from 250–700 e, depending on the model), thus allowing
amortizing the start-up costs in a short period of time, es-
pecially considering that 3D printing can be used for sev-
eral purposes (Baden et al., 2015; Coakley and Hurt,
2016; Urban, 2016; Velcescu et al., 2019).
Furthermore, the cost remains much lower if compared

with the commercial products, even when considering the
production time. In fact, once manufactured, the cutting
carriage time required by an operator to produce one can-
nula (head mount printing plus assembly) is;3–4min.
In conclusion, the use of 3D printing technology is in-

creasing in several biomedical fields. In neuroscience re-
search, it has been highly exploited for the possibility to
create customized devices that are not available in the
market, to modify and make objects more functional for a
certain need, and to reduce costs. The open-source con-
cept, often pursued by the users of these technologies,
has induced an increasing number of laboratories to
share the blueprints for their models, and several freeware
and user-friendly CAD programs are being released, mak-
ing the approach toward this field easier. Hence, this in-
vestment would make it possible to have a permanent
useful tool for different applications in a neuroscience lab-
oratory (Chen et al., 2017).
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