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PiDose: an open-source system
for accurate and automated
oral drug administration

to group-housed mice
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Drug treatment studies in laboratory mice typically employ manual administration methods such as
injection or gavage, which can be time-consuming to perform over long periods and cause substantial
stress in animals. These stress responses may mask or enhance treatment effects, increasing the risk
of false positive or negative results and decreasing reliability. To address the lack of an automated
method for drug treatment in group-housed mice, we have developed PiDose, a home-cage attached
device that weighs individual animals and administers a daily dosage of drug solution based on each
animal’s bodyweight through their drinking water. Group housed mice are identified through the use
of RFID tagging and receive both regular water and drug solution drops by licking at a spout within
the PiDose module. This system allows animals to be treated over long periods (weeks to months) ina
fully automated fashion, with high accuracy and minimal experimenter interaction. PiDose is low-cost
and fully open-source and should prove useful for researchers in both translational and basic research.

Biological research often involves treating experimental rodents with compounds over extended periods. A
variety of routes of administration are used in these studies, with the goal to optimize delivery of the agent while
reducing the potential for injury and procedure-associated stress. Parenteral administration via subcutaneous or
intraperitoneal injection is often used due to the high bioavailability of injected drugs; however, repeated restraint
and injection causes stress and puts the animal at risk of physical complications’**. These stress responses are
particularly undesirable in behavioural studies, as chronic stress affects a variety of behaviours and may mask
treatment affects and increase the risk of Type I/II errors*>. An alternative to injection is oral administration,
which is often useful in a pre-clinical context as oral drug treatment is the most common and convenient route
of administration in humans. Unfortunately, oral gavage presents the same problems as injection regarding
treatment stress and the potential for injury®. To avoid this, several studies have provided methods for the
voluntary feeding of drugs to animals in a palatable form (e.g. sucrose water, peanut butter)”*!°. This avoids
some of the side effects associated with injection and gavage, but is time-consuming for chronic experiments
and involves extensive experimenter interaction, which in itself may be enough to increase animal stress'!. To
circumvent the need for manual administration, other studies have mixed the drug with the animal’s drinking
water'>1#1415 However, this method typically estimates drug dosage based on the average bodyweight and water
consumption for all mice in a cage. This relies on the assumption that mice are drinking an amount of water that
is directly proportional to their bodyweight, for which there is not clear support. To avoid this caveat, animals
can be single-housed, or double-housed with a divider. Unfortunately, this still does not guarantee consistent
dosing over time as water consumption may vary from day to day.

An approach that has recently gained popularity in rodent research is to automate experimental procedures
using devices that the animal can freely access from within their home-cage. These systems provide the combined

!Graduate Program in Neuroscience, University of British Columbia, Vancouver, BC, Canada. “Department of
Psychiatry and Djavad Mowafaghian Centre for Brain Health, University of British Columbia, Vancouver, BC,
Canada. 3MD/PhD Program, University of British Columbia, Vancouver, BC, Canada. “Undergraduate Program in
Engineering, University of British Columbia, Vancouver, BC, Canada. °School of Biomedical Engineering, University
of British Columbia, Vancouver, BC, Canada. 62255 Wesbrook Mall, Detwiller Pavilion Rm. 4834, Vancouver, BCV6T
173, Canada **email: lynn.raymond@ubc.ca

SCIENTIFIC REPORTS |

(2020) 10:11584 | https://doi.org/10.1038/s41598-020-68477-2


http://orcid.org/0000-0002-8610-1042
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-68477-2&domain=pdf

www.nature.com/scientificreports/

benefits of increasing the throughput of experiments and volume of data that can be collected, while also decreas-
ing experimenter interaction and animal stress. Open-source tools that enable the home-cage monitoring of
feeding and drinking!'®'’, bodyweight'®!, activity levels?**!, and more complex learning tasks®>**?+2>26 have all
been published in recent years. In one notable study, the authors developed a proprietary home-cage methodol-
ogy to automatically dose group-housed mice with the synthetic nucleoside BrdU over several days®. This system
used an RFID detector to individually identify transponder-tagged mice and dispense drug solution to them
through a liquid port. Dosage of drug could be individually specified for different mice, however animals had
to be manually weighed in order to set drug dose, and the accuracy of drug delivery was not directly assessed.
Aside from this study, the potential for long-term home-cage drug administration in experimental rodents has
not been explored.

To address this, we have developed PiDose—an open-source tool for home-cage oral drug administration.
PiDose allows mice to freely access a chamber (the ‘dosing module’) from their home-cage where they are auto-
matically weighed and lick a spout to obtain drops of drug solution. This design ensures that mice consistently
ingest the drug, as liquid is delivered directly into the mouth in response to licking. Mice are RFID-tagged to
discriminate group-housed animals, and the drug volume each mouse receives can be individually customized
based on their dosing condition and current bodyweight. Once they have received the required dose of drug for
each day, they receive only water from the spout. This system allows for accurate dosing to be maintained over
long periods (weeks to months) with minimal experimenter interaction. It is low-cost (~ $300) and built with
3D-printed parts and electronic components that can be easily obtained. We provide here a description and
demonstration of PiDose, as well as the software and a list of parts required to build the system.

Methods

Hardware. PiDose consists of a modified mouse home-cage with an opening to allow animals to freely
access a linked 3D-printed dosing module (Fig. 1). The module is supported by a free-floating 0.78 kg load cell
(Phidgets 3132) mounted on a post that does not contact the cage, similar to the configuration described in
Noorshams et al. (2017)'8. A 3D-printed entranceway is attached to the cage and frames the chamber opening,
allowing the mouse to more easily enter the dosing module. At the opposite end of the dosing module from the
entrance, a nose-poke port permits access to a spout which dispenses drops from two separate liquid reservoirs.
This spout is wired to a capacitive touch sensor controller (Adafruit 1982) to detect individual licks. Adjacent
to the nose-poke port, an RFID reader (Sparkfun SEN-11828) is inset into the ceiling of the dosing module to
identify transponder-tagged animals as described in Bolafios et al. (2017)*. A camera (Waveshare 10299) is
positioned to one side of the dosing module in order to capture images of mice during drop delivery. The cage,
dosing module, and camera are all attached to aluminum spacers (Siskiyou AS-2.00) mounted on a polycarbon-
ate sheet. Four PiDose cages were built and used to perform the described experiments. The total cost for one
system is ~300 USD and a full parts list for PiDose can be found in Supplementary Table S1. Design files for
3D-printing can be found in Supplementary Data 1, and full instructions for constructing and wiring a PiDose
cage can be found online (https://osf.io/rpyfm/).

In order to dispense liquid from two sources with minimal dead volume and cross-contamination, we con-
structed a double-spout from two parallel and attached 18G gauge needles. To dispense drops from the double-
spout, we use two complementary approaches. Regular water drops are dispensed from a reservoir using a
gravity-fed valve-based system, as described previously*>?. This method of water delivery is reliable; however,
the drops vary in size due to changes in the level of the water reservoir or changes in resistance. As a result, the
valve opening time must be recalibrated every few days to ensure consistency. For dispensing drops of drug
solution, we use an open-source syringe pump design by Wijnen et al. (2014)*° which provides consistent and
accurate liquid displacement over long periods. This syringe pump is constructed primarily from 3D-printed
parts and uses a NEMA17 stepper motor (Sparkfun ROB-09238) and threaded steel rod to move the plunger of
a syringe. Through calibration of these pumps, we determined that 57 steps are required to reliably give a drop
of 10 pL from a 30 mL syringe. To assess the accuracy of the syringe pumps, we dispensed one hundred 10 pL
drops into a dish and weighed the dispensed water, repeating this 8-10 times for each pump. Full instructions
and parts required to construct this syringe pump can be found online (https://hackaday.io/project/27046-open-
source-syringe-pump).

Software and dosing methodology. All PiDose components are connected to and controlled by custom
software running on a Raspberry Pi 3B+ micro-computer running the Raspbian operating system. The software
controlling the PiDose components and recording data is written in Python 3 and is available online (https://
github.com/cameron-woodard/PiDose). The program runs continuously while animals are housed in the cage.
When a mouse enters the dosing module, it is detected by the RFID reader and the program loads the relevant
parameters and daily stats for the mouse. The size and shape of the chamber ensures that only one mouse can
fully enter the dosing module and be detected by the reader at a time, however mice frequently go in and out of
the chamber in quick succession. To ensure that the correct mouse is identified, the PiDose program continually
monitors a ‘tag-in-range’ logic signal that indicates whether an RFID is currently in range of the reader. Every
time a tag goes in and out of range of the reader (even momentarily), a new read of the RFID is triggered to
confirm whether it is the same or a different mouse. If the RFID is not recognized by the reader, possibly due
to an incomplete read, the program will simply wait until the mouse leaves the chamber and attempt to read
their ID again when they re-enter. If this happens too many times, however, a reboot of the Raspberry Pi will be
automatically triggered.

For the duration the mouse is in the module, weight readings are collected from the load cell at 5 Hz and the
capacitive sensor is activated on the spout. A lick at the spout will trigger the subsequent delivery of a water or
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Figure 1. The PiDose system. PiDose consists of a dosing module mounted adjacent to a standard mouse
shoebox home-cage. An entranceway allows animals to freely access the dosing module, where they can obtain
both water and drug solution drops from a spout. An adjacent camera captures photos of drop delivery. The
dosing module is mounted on a load cell which collects bodyweight measurements from mice. Transponder-
tagged mice are identified by an RFID reader and can access the spout through a nose-poke port. Drop delivery
is triggered by licking at the spout. Renderings by Luis Bolafios.

drug drop depending on the mouse’s treatment condition, and the number of drops they have received so far that
day. Mice receive drug drops starting at midnight until they have received the required number for the day, and
then receive water drops for the remainder of the 24-h cycle. Immediately following drop delivery, an image is
taken which can be used to validate that the animal has their mouth on the spout and the drop was not delivered
in error. A 10-s timeout follows before the mouse can trigger delivery of another drop, in order to ensure that
they fully ingest the liquid. After the mouse exits the dosing module, the capacitive trigger is deactivated, weight
collection stops, and a 30-s waiting period is triggered. If no mouse is detected before the end of this wait period,
a sample of 20 readings is collected from the load-cell. If none of these readings is further than 0.1 g away from
the mean, the load-cell is tared.

Based on values collected from the load cell, an average daily weight is calculated for each mouse at midnight
by rounding all values collected in the previous 24 h to one decimal point, removing outliers and taking the mode
of these values (i.e. the most commonly occurring weight). This is then used to determine the number of drug
drops that the mouse receives the following day. All events (e.g. entrance, lick, drop delivery) are recorded to a
text file for that mouse with an event code and timestamp. Timestamped weights are recorded into a separate
daily weight text file for each mouse, and a new file is created at midnight on each day. A summary file records
the daily water and drug drops received, and the weight for the mouse on each day of treatment.
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Animals. A total of 8 wildtype FVB/N mice and 10 YAC128 mice (FVB/N background, line 55) were used in
experiments. The YAC128 mouse is a model of Huntington’s disease that uses a yeast artificial chromosome to
express the full-length human huntingtin gene with 128 CAG repeats’!. All animals were male and were housed
and treated in groups of 3—4 littermates in a temperature and humidity-controlled room on a 12/12 h light/dark
cycle (lights on at 6 AM). All procedures were conducted in accordance with the Canadian Council on Animal
Care and approved by the University of British Columbia Committee on Animal Care.

RFID capsule implantation. To enable identification of group-housed mice, animals were implanted with
glass RFID capsules (Sparkfun SEN-09416) prior to treatment as described in Woodard et al. (2017)*. Briefly,
animals were anesthetized with isoflurane and given buprenorphine via subcutaneous injection (0.05 mg/kg)
for analgesia. Betadine was applied to disinfect the incision site, and a small incision was made in the upper
thoracic torso. A sterile injector (Fofia ZS006) was then used to insert the RFID capsule subcutaneously below
the nape of the neck. The incision was sutured, and the animal was removed from anesthesia, allowed to recover,
and then returned to its home-cage. Animals were monitored for the following 3 days to ensure healthy recovery
and proper placement of the RFID capsule. Animals were given at minimum one week to fully recover following
surgery before being used for any experiments.

Drug treatment. For drug treatment experiments, memantine hydrochloride (Tocris 0773) was dissolved
in water at a concentration of 50 pg/mL. Three groups of YAC128-55 mice (54-71 days old) were randomly
assigned to treatment (n=6) and control (n=4) conditions and housed in the PiDose cages. Parameters in the
PiDose program were set such that mice in the treatment cohort received two 10 uL drops of memantine solu-
tion per gram of bodyweight per day, resulting in a dose of 1 mg/kg of bodyweight per day. Mice in the control
group received only water drops. During the first day in the cage, no drug drops were delivered in order to deter-
mine a baseline weight for the mice and ensure that mice acquired the operant licking response. Mice remained
in the PiDose cages for between 58 and 64 days.

Statistics. All data analysis and statistics were performed using Python (Python Software Foundation,
version 3.7) and Prism 8 (GraphPad Software). Data is expressed as mean+SEM. Alpha level for all tests was
p=0.05. Pearson correlation coeflicients were calculated to measure the linear correlation between PiDose
bodyweights and manual bodyweights, and between bodyweight and water consumption. Paired two-tailed
t-tests were used to compare total water and memantine consumption between start and end of treatment in the
memantine study.

Results

PiDose accurately weighs and delivers liquids to group-housed mice. In order to assess the accu-
racy and functioning of different components of PiDose, two cages of wildtype mice (n=28) were used to test the
system. Following RFID capsule implantation, mice were placed in the PiDose cages and allowed free access to
the dosing module for a 14-day period. For this initial group, no drug treatment was used, and mice obtained
only water from the spout. Within 24 h, all animals learned to lick the spout to trigger water delivery, receiving
an average of 1.68 mL of water (+0.06, n=112 mouse-days) per day over the test period. An average of 8,820
weight readings (+ 612, n=112), corresponding to ~ 30 min in the dosing module, were obtained per mouse per
day. Based on these load-cell measurements, an average daily weight for each mouse was calculated by PiDose
(Fig. 2a). In order to determine the accuracy of these bodyweights, animals were also manually weighed daily at
midday. There was a high correlation between the PiDose-calculated daily bodyweights and manually obtained
bodyweights (R?=0.989, p<0.0001, n=112) (Fig. 2b), and the average absolute discrepancy between the two
weighing methods was 0.292 g (+0.025, n=112). Expressed as a percentage of bodyweight for each mouse, this
translates to an average weighing error of less than 1% (0.853% +0.077, n=112), and is smaller than the average
day-to-day change in bodyweight observed over this same period (1.414% +0.112, n=104) (Fig. 2¢).

As it is critical that the volumes of drug delivered using PiDose are accurate and consistent, we used
3D-printed syringe pumps for each cage based on the design described by Wijnen et al. (2014)%. After deter-
mining the number of motor steps required to deliver a drop of approximately 10 uL from a 30 mL syringe, we
assessed the accuracy of test drops delivered by these pumps. The average drop size across the four pumps was
9.994 pL (range =9.723-10.30, n =36 tests), with an average absolute error of only 0.123 uL (+0.015, n=36), or
1.23% of the drop volume (Fig. 2d). Together, these results indicate that PiDose is capable of accurately weighing
and delivering solutions to group-housed mice.

PiDose maintains stable drug treatment over long periods despite day-to-day changes in
bodyweight and water consumption. We next assessed the ability of this system to treat mice with a
fixed drug dosage over an extended period. Memantine is a low-affinity uncompetitive NMDA receptor antago-
nist that has shown potential as a treatment for Huntington’s disease both in animal models'**? and patients®.
YAC128 Huntington’s disease mice were assigned to either control or treatment groups and housed in the PiDose
cages for two months beginning at 2-months-old. Treatment group mice received 1 mg/kg memantine per day,
while control mice received only water. As with wildtype animals, YAC128 mice quickly learned to lick the
spout to obtain water and drug solution. The timing of all dosing module entrances, licks and drop deliveries
was automatically tracked and recorded by PiDose, allowing for detailed temporal analysis of water and drug
consumption (Fig. 3a). Drug administration began at midnight each day and would continue until the mouse
had received the required amount of memantine, typically by mid-morning. Overall, a clear circadian rhythmic-
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Figure 2. PiDose reliably weighs and administers solutions to group-housed mice. (a) Histogram of rounded
bodyweight measurements collected for a representative animal over the course of one day. The average
bodyweight for the mouse is determined by taking the mode of these values. (b) Average daily bodyweights
calculated by PiDose are highly correlated with manually measured bodyweights (n=112). (c) The average
absolute discrepancy between the PiDose bodyweight and the manual bodyweight (i.e. the weighing error)
(n=112) is smaller than the average day-to-day change in bodyweight (n=104) for the same animals. (d)
Average error for each of the four syringe pumps constructed to administer drug-solutions to mice in PiDose
expressed as a percentage of the desired drop volume (10 uL). Error bars represent SEM.

ity was observed, with mice drinking predominantly in the dark phase of the light cycle (73.9% of drops; +3.5,
n=10) (Fig. 3b). The average duration of the daily dosing period (i.e. the time from first to last drug solution
drop each day) was 10.31 h (£0.34, n=375). To confirm that mice were consuming the delivered water and drug
solution drops, we positioned a camera adjacent to the spout to take images immediately following drop delivery.
Over 30,000 images were taken from the PiDose cages and manually analyzed to assess whether the animal’s
mouth was on the spout at the time the drop was dispensed. We found that in 96.8% of images, the animal’s
mouth was on the spout immediately following drop delivery, while in the remaining 3.2% the mouse was either
not in frame, or in frame but not licking the spout (n=31,605 total photos) (Fig. 3c).

Over the course of the treatment period mice gradually gained weight, with a ~20% increase in bodyweight
observed on average (5.12+0.80 g, n=10 mice) (Fig. 4a). To ensure consistent dosing, PiDose automatically
adjusted the amount of memantine dispensed each day, with mice receiving an additional 10 pL drop of meman-
tine solution for every 0.5 g increase in bodyweight (Fig. 4b). In contrast to bodyweight, which changed gradually,
the total drops consumed by each mouse varied substantially from day-to-day (Fig. 4c). Interestingly, mice drank
less on average by the end of treatment as compared to the beginning despite their increased bodyweight (Week
1 vs. Week 8: t=5.888, p=0.0002, n=10). However, the total number of drops consumed remained consistently
higher than the amount needed to receive the required dosage of memantine. As the decrease in water consump-
tion could indicate an effect of PiDose on normal drinking behaviour, we compared daily bodyweight and water
consumption in the first week to determine if these measures were correlated at the start of treatment. A positive
correlation was observed (R?=0.064, p=0.035, n=70 mouse-days) (Fig. 4d), however the relationship between
the two variables was not proportional and the variability was very high.
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Figure 3. PiDose effectively administers drug to mice over a 2-month period. (a) Analysis of the temporal
structure of water and drug consumption is shown at several timescales for a representative YAC128 mouse.

(b) Average total water (n=10 mice) and memantine solution (n =6 mice) consumed per hour throughout the
treatment period. Memantine solution is dispensed beginning at midnight, and animals typically consumed

the required dosage by 12 PM. Mice show clear circadian rhythmicity in drinking behaviour, with most drops
dispensed during the dark phase of the light cycle (grey-shaded regions). Error bars represent SEM. (c) Analysis
of pictures taken immediately after drop delivery confirm that mice are properly triggering and ingesting water
and drug solution on the large majority of trials.

Discussion

Reliable drug administration requires that the weight of the animal and the amount of drug being delivered are
known with high accuracy. We have demonstrated here that PiDose meets these criteria, exhibiting low weighing
error and high delivery accuracy both in terms of measurement of the drug volume and ingestion of the drug. All
mice quickly learned to obtain water from the spout, and by training animals to perform an operant response that
is identical to and continuous with the act needed to consume the reward we were able to achieve high delivery
accuracy. Although we could not confirm that the mouse had consumed the drug on a small percentage (~3%)
of trials, when combined with the measurement error of the syringe pump this level of precision is comparable to
that of manual injection from a 1 mL syringe (tolerance of 5% or more as per the International Organization for
Standardization)**. We have also demonstrated that PiDose can effectively automate long-term drug treatment.
PiDose requires minimal experimenter intervention once running, and the total time required to maintain each
system is less than one hour per week. Furthermore, animals can be monitored without the need to enter the
facility by connecting to the Raspberry Pi over a secure shell (SSH) network connection and running the system
in a compact “headless” configuration without a monitor or keyboard.

In addition to the time-saving benefits of automation, PiDose offers several advantages over existing options
in regard to improving the reproducibility of pre-clinical research. First, PiDose involves no handling or direct
interaction with animals beyond what is typically required in an animal research facility (e.g. cage cleaning). In
contrast, traditional drug administration paradigms often require daily handling and restraint of mice, procedures
which are known to cause stress>*. This procedure-associated stress is reported to cause various changes in
animal behaviour and physiology, potentially masking or enhancing the effects of drug treatment. For example,
handling and/or injection stress has been shown to alter the behavioural response to anxiogenic drugs®, increase
immobility time in the forced-swim test”, activate immediate early gene transcription in stress-responsive
brain regions®® and alter immune function®. Furthermore, the response to treatment-associated stress may
vary between genotypes, further complicating the interpretation of results. YAC128 mice, for instance, show a
depressive phenotype*® and may consequently be more sensitive to the chronic stress of repeated injections™.

SCIENTIFIC REPORTS |

(2020) 10:11584 |

https://doi.org/10.1038/s41598-020-68477-2



www.nature.com/scientificreports/

a C
35 500 -1
) >
= 8 400
2 20 »
S -
2 S 300
3 8
@ £ 200
% 25 L
o
o 100 -
>
<
20 - T T T T T 0 T T T T T
DO D10 D20 D30 D40 D50 DO D10 D20 D30 D40 D50
Treatment Day Treatment Day
Representative Mouse
0.70 35 35—
=5 0.65 + Memantine Dosage
g 0654 ) ) oo % oo YN
p Average Daily Weight :’. N - 5 304 o® w00 ®
S 0.60 o o302 oy oo P
s 000 < < ® ° g
2 5000 s Ry ® 3
o 0.55- """ 5 é) 25 -
o o Q
* > [ X J [ )
£ 050 Rt L25 = g ',“ e ¢
c 0000 P~ o ®
g &% e @ 20— “ 2_
T 045 T R“=0.064
= p =0.035
0.40 T T T-20 15 T T 1
DO D20 D40 D60 1 2 3 4

Treatment Day Water/Day (mL)

Figure 4. PiDose maintains stable drug treatment despite day-to-day changes in bodyweight and water
consumption. (a) Mice (n=10) show gradual and consistent weight gain over the course of two-months of
memantine treatment. Data presented as daily mean (red line) + SEM (red-shaded region). (b) The volume of
memantine solution dispensed to a representative mouse is automatically adjusted over the course of 2 months
to match changes in bodyweight and ensure consistent dosage. (c) Mice (n=10) show substantial day-to-day
variability in task engagement and total consumption of drops delivered by PiDose. Data presented as daily
mean (blue line) + SEM (blue-shaded region). (d) Daily water consumption during the first week of treatment is
positively correlated with daily bodyweight (n="70), although variability is high.

Confounds such as this could introduce systematic error to the outcome measures of drug experiments and
obscure treatment effects.

A second advantage of PiDose with regards to reproducibility is that of improved dosing accuracy and
consistency when compared to other home-cage methods. Indeed, our data suggests several issues with the
commonly used strategy of mixing a drug in directly with the animals’ home-cage drinking water. Although an
overall correlation between bodyweight and water consumption was observed in PiDose, the relationship was
not proportional (i.e. a 40-g mouse did not drink twice as much as a 20-g mouse). As a result, when the ‘drinking
water’ strategy is used in group-housed mice, it is likely that heavier mice in the cage receive a lower dosage on
average than lighter mice. This could be especially problematic in mixed genotype cages where average body-
weight, and consequently average drug dosage, varies by genotype. Indeed, this is reported to be the case with
heterozygous YAC128 mice who weigh more on average than their wildtype littermates®*!. In addition, water
consumption in PiDose varied by as much as 30-40% from day-to-day, while bodyweight changed comparatively
slowly. As a result, even if mice are single-housed, day-to-day dosage cannot be properly controlled by mixing
the drug in directly with the mouse’s drinking water. These inconsistencies could result in substantial differences
in the effective dose received by each animal over the course of the treatment period, increasing the inter-animal
variability of treatment outcome measures and consequently the risk of Type I and II errors. This dosing error
also complicates any conclusions regarding the drug’s dose-response relationship and increases the risk that the
treatment will fail to translate to human use.

Although PiDose presents many advantages over alternative methodologies, there are also some important
limitations to consider. First, its use is restricted to drugs that can be dissolved in water, are stable in solution and
can be kept at room temperature. In addition, the specific timing of drug treatment each day cannot be precisely
controlled, as mice have free access to the spout and consume the drug solution in a self-directed manner. For
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this reason, PiDose may not be appropriate for studies where the drug must be given at a precise time every day,
or at specific intervals throughout the day. Nevertheless, the temporal pattern of drug administration can be
broadly set by adjusting certain parameters within the software, and by changing the concentration of drug solu-
tion. For example, a high drug concentration could be used to shorten the average length of the dosing window
and approximate an acute treatment method like oral gavage. This may be useful for treatments where a higher
blood concentration of the drug is required in order to elicit effects. On the other hand, for rapidly metabolized
compounds, it might be preferable to administer the drug throughout the day. For this purpose, a parameter
in the PiDose program can be set so that the system dispenses a drug drop only once every two or three drops.
With some minor modifications, it should even be possible to calculate a theoretical blood concentration of the
drug for each animal at any given time based on their bodyweight, the number and timing of previous drops,
and known metabolic characteristics of the drug. This information could then be used to determine whether
to deliver a drug or water drop in response to a lick, with the goal to keep the blood concentration of the drug
within a target range.

Our use of PiDose has so far been restricted to FVB/NJ strain male mice of 2- to 4-months-old; however, we
expect that both male and female mice of a range of ages and different strains could be treated using this sys-
tem. For the treatment of very small or very large animals, some modifications to the dimensions of the dosing
module may be necessary to ensure that only one mouse can enter at a time. Nevertheless, we found that our
configuration worked well for mice varying in bodyweight from 20 to 45 g. The load cell used with PiDose has a
maximum capacity of 780 g (including the weight of the dosing module), which should be more than sufficient
for any mouse applications and could even work in a modified system for treating larger rodents (e.g. rats). We
found that the load cell maintained accurate bodyweight measurements across the range of animal sizes assessed
without the need for recalibration. All other sensors and electronic components should be compatible with physi-
cal modifications of the dosing module, provided that the RFID reader is positioned such that it will come into
close proximity with the animal’s RFID tag. In order to facilitate any adjustments that other users may want to
make, we have provided the original design files for all 3D parts online (https://osf.io/rpyfm/).

The potential of open-source tools in biological research has gathered attention as of late*?, and it is our hope
that by making the code and design files for PiDose open-source and freely accessible, others will adapt and
improve it as necessary for their use. Although PiDose does require some wiring and basic tools to assemble,
the skills required are straightforward and can be quickly learned. Assembling a full PiDose system costs only
~$300 and requires no more than a few days. Given the now well-established concerns regarding the reproduc-
ibility of many pre-clinical studies*>*, the need for a tool that can increase the accuracy of drug dosing while
also decreasing the exposure of animals to stressful stimuli is critical. We believe that PiDose holds promise in
this regard and should prove useful for both basic and pre-clinical biological research.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author upon reasonable request.

Received: 30 April 2020; Accepted: 25 June 2020
Published online: 14 July 2020

References
1. Turner, P. V., Brabb, T., Pekow, C. & Vasbinder, M. A. Administration of substances to laboratory animals: routes of administration
and factors to consider. J. Am. Assoc. Lab. Anim. Sci. 50, 600-613 (2011).
2. Meijer, M. K., Spruijt, B. M., Van Zutphen, L. E M. & Baumans, V. Effect of restraint and injection methods on heart rate and body
temperature in mice. Lab. Anim. 40, 382-391 (2006).
3. Vinkers, C. H. et al. Stress-induced hyperthermia is reduced by rapid-acting anxiolytic drugs independent of injection stress in
rats. Pharmacol. Biochem. Behav. 93, 413-418 (2009).
4. Mineur, Y. S., Belzung, C. & Crusio, W. E. Effects of unpredictable chronic mild stress on anxiety and depression-like behavior in
mice. Behav. Brain Res. 175, 43-50 (2006).
5. Elizalde, N. et al. Long-lasting behavioral effects and recognition memory deficit induced by chronic mild stress in mice: effect of
antidepressant treatment. Psychopharmacology 199, 1-14 (2008).
6. Walker, M. K. et al. A less stressful alternative to oral gavage for pharmacological and toxicological studies in mice. Toxicol. Appl.
Pharmacol. 260, 65-69 (2012).
7. Atcha, Z. et al. Alternative method of oral dosing for rats. J. Am. Assoc. Lab. Anim. Sci. 49, 335-343 (2010).
8. Corbett, A., McGowin, A., Sieber, S., Flannery, T. & Sibbitt, B. A method for reliable voluntary oral administration of a fixed dosage
(mg/kg) of chronic daily medication to rats. Lab. Anim. 46, 318-324 (2012).
9. Doenni, V. M. et al. Deficient adolescent social behavior following early-life inflammation is ameliorated by augmentation of
anandamide signaling. Brain Behav. Immun. 58, 237-247 (2016).
10. Dhawan, S. S. et al. Oral dosing of rodents using a palatable tablet. Psychopharmacology 235, 1527-1532 (2018).
11. Sorge, R. E. et al. Olfactory exposure to males, including men, causes stress and related analgesia in rodents. Nat. Methods 11,
629-632 (2014).
12. Dau, A., Gladding, C. M., Sepers, M. D. & Raymond, L. A. Chronic blockade of extrasynaptic NMDA receptors ameliorates synaptic
dysfunction and pro-death signaling in Huntington disease transgenic mice. Neurobiol. Dis. 62, 533-542 (2014).
13. Kim, H. Y. et al. Taurine in drinking water recovers learning and memory in the adult APP/PS1 mouse model of Alzheimer’s
disease. Sci. Rep. 4, 7467. https://doi.org/10.1038/srep07467 (2014).
14. Vetere, G. et al. Chemogenetic interrogation of a brain-wide fear memory network in mice. Neuron 94, 363-374 (2017).
15. Gordon, R. et al. Inflammasome inhibition prevents a-synuclein pathology and dopaminergic neurodegeneration in mice. Sci.
Transl. Med. 10, eaah4066. https://doi.org/10.1126/scitranslmed.aah4066 (2018).
16. Nguyen, K. P, O’Neal, T. ]., Bolonduro, O. A., White, E. & Kravitz, A. V. Feeding experimentation device (FED): a flexible open-
source device for measuring feeding behavior. J. Neurosci. Methods 267, 108-114 (2016).
17. Godynyuk, E., Bluitt, M. N., Tooley, J. R., Kravitz, A. V. & Creed, M. C. An open-source, automated home-cage sipper device for
monitoring liquid ingestive behavior in rodents. eNeuro 6, 0292-19.2019. https://doi.org/10.1523/ENEURO.0292-19.2019 (2019).

SCIENTIFIC REPORTS |

(2020) 10:11584 | https://doi.org/10.1038/s41598-020-68477-2


https://osf.io/rpyfm/
https://doi.org/10.1038/srep07467
https://doi.org/10.1126/scitranslmed.aah4066
https://doi.org/10.1523/ENEURO.0292-19.2019

www.nature.com/scientificreports/

18. Noorshams, O., Boyd, J. D. & Murphy, T. H. Automating mouse weighing in group homecages with Raspberry Pi micro-computers.
J. Neurosci. Methods 285, 1-5 (2017).

19. Ahloy-Dallaire, J., Klein, J. D., Davis, J. K. & Garner, J. P. Automated monitoring of mouse feeding and body weight for continuous
health assessment. Lab. Anim. 53, 342-351 (2019).

20. Genewsky, A., Heinz, D. E., Kaplick, P. M., Kilonzo, K. & Wotjak, C. T. A simplified microwave-based motion detector for home
cage activity monitoring in mice. J. Biomed. Eng. 11, 36 (2017).

21. Matikainen-Ankney, B. A. et al. Rodent Activity Detector (RAD), an open source device for measuring activity in rodent home
cages. eNeuro 6,0160-19.2019. https://doi.org/10.1523/ENEURO.0160-19.2019 (2019).

22. Woodard, C. L. et al. An automated home-cage system to assess learning and performance of a skilled motor task in a mouse model
of Huntington’s disease. eNeuro 4, 0141-17.2017. https://doi.org/10.1523/ENEURO.0141-17.2017 (2017).

23. Silasi, G. et al. Individualized tracking of self-directed motor learning in group-housed mice performing a skilled lever positioning
task in the home cage. J. Neurophysiol. 119, 337-346 (2017).

24. Bollu, T. et al. Automated homecage training of mice in a hold-still center-out reach task. J. Neurophysiol. 121, 500-512 (2018).

25. Francis, N. A. & Kanold, P. O. Automated operant conditioning in the mouse home cage. Front. Neural Circuits 11, 2017.00010.
https://doi.org/10.3389/fncir.2017.00010 (2017).

26. O’Leary, J. D, O’Leary, O. E, Cryan, J. E. & Nolan, Y. M. A low-cost touchscreen operant chamber using a Raspberry Pi™. Behav.
Res. Methods 50, 2523-2530 (2018).

27. Santoso, A., Kaiser, A. & Winter, Y. Individually dosed oral drug administration to socially-living transponder-tagged mice by a
water dispenser under RFID control. J. Neurosci. Methods 153, 208-213 (2006).

28. Bolafios, E, LeDue, J. M. & Murphy, T. H. Cost effective raspberry pi-based radio frequency identification tagging of mice suitable
for automated in vivo imaging. J. Neurosci. Methods 276, 79-83 (2017).

29. Murphy, T. H. et al. High-throughput automated home-cage mesoscopic functional imaging of mouse cortex. Nat. Commun. 7,
11611. https://doi.org/10.1038/ncomms11611 (2016).

30. Wijnen, B., Hunt, E. J., Anzalone, G. C. & Pearce, ]. M. Open-source syringe pump library. PLoS ONE 9, €107216. https://doi.
org/10.1371/journal.pone.0107216 (2014).

31. Slow, E.J. et al. Selective striatal neuronal loss in a YAC128 mouse model of Huntington disease. Hum. Mol. Genet. 12, 1555-1567
(2003).

32. Milnerwood, A.J. et al. Early increase in extrasynaptic NMDA receptor signaling and expression contributes to phenotype onset
in Huntington’s disease mice. Neuron 65, 178-190 (2010).

33. Ondo, W. G., Mejia, N. I. & Hunter, C. B. A pilot study of the clinical efficacy and safety of memantine for Huntington’s disease.
Parkinsonism Relat. Disord. 13, 453-454 (2007).

34. International Organization for Standardization. Sterile hypodermic syringes for single use—Part 1: Syringes for manual use (ISO
7886-1:2017) (2017).

35. Balcombe, J. P, Barnard, N. D. & Sandusky, C. Laboratory routines cause animal stress. J. Am. Assoc. Lab. Anim. Sci. 43, 42-51
(2004).

36. Andrews, N. & File, S. E. Handling history of rats modifies behavioural effects of drugs in the elevated plus-maze test of anxiety.
Eur. J. Pharmacol. 235, 109-112 (1993).

37. Aydin, C., Frohmader, K. & Akil, H. Revealing a latent variable: Individual differences in affective response to repeated injections.
Behav. Neurosci. 129, 679-682 (2015).

38. Ryabinin, A. E., Wang, Y. M. & Finn, D. A. Different levels of Fos immunoreactivity after repeated handling and injection stress
in two inbred strains of mice. Pharmacol. Biochem. Behav. 63, 143-151 (1999).

39. Moynihan, J. et al. The effects of handling on antibody production, mitogen responses, spleen cell number, and lymphocyte sub-
populations. Life Sci. 46, 1937-1944 (1990).

40. Pouladi, M. A. et al. Prevention of depressive behaviour in the YAC128 mouse model of Huntington disease by mutation at residue
586 of huntingtin. Brain 132, 919-932 (2009).

41. Van Raamsdonk, J. M. et al. Body weight is modulated by levels of full-length huntingtin. Hum. Mol. Genet. 15, 1513-1523 (2006).

42. White, S. R., Amarante, L. M., Kravitz, A. V. & Laubach, M. The future is open: Open-source tools for behavioral neuroscience
research. eNeuro 6, 0223-19.2019. https://doi.org/10.1523/ENEURO.0223-19.2019 (2019).

43. Scannell, J. W. & Bosley, J. When quality beats quantity: decision theory, drug discovery, and the reproducibility crisis. PLoS ONE
11, e0147215. https://doi.org/10.1371/journal.pone.0147215 (2016).

44. Freedman, L. P, Cockburn, I. M. & Simcoe, T. S. The economics of reproducibility in preclinical research. PLoS Biol 13, €1002165.
https://doi.org/10.1371/journal.pbio.1002165 (2015).

Acknowledgements

We are grateful to Lily Zhang for animal care support and Lucas Murphy for technical assistance in the construc-
tion of PiDose. We are also grateful to Luis Bolafos for 3D renderings and to Jamie Boyd for software packages
used in PiDose. This research was funded by the Canadian Institutes of Health Research (CIHR) FDN-143210
to L.A.R. and FDN-143209 to T.H.M. T.H.M. was part of a Leducq team grant and the Canadian Neurophoton-
ics Platform. C.L.W. holds a CIHR Canada Graduate Scholarship-Doctoral, and W.B.N. holds a Vanier Award.

Author contributions

C.L.W,, L.AR. and TH.M. designed the research. C.L.W. and B.S. developed hardware and software. C.L.W.
and W.B.N. performed experiments and analyzed data. C.L.W. wrote the manuscript. All authors reviewed the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-68477-2.

Correspondence and requests for materials should be addressed to L.A.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2020) 10:11584 | https://doi.org/10.1038/s41598-020-68477-2


https://doi.org/10.1523/ENEURO.0160-19.2019
https://doi.org/10.1523/ENEURO.0141-17.2017
https://doi.org/10.3389/fncir.2017.00010
https://doi.org/10.1038/ncomms11611
https://doi.org/10.1371/journal.pone.0107216
https://doi.org/10.1371/journal.pone.0107216
https://doi.org/10.1523/ENEURO.0223-19.2019
https://doi.org/10.1371/journal.pone.0147215
https://doi.org/10.1371/journal.pbio.1002165
https://doi.org/10.1038/s41598-020-68477-2
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020)10:11584 | https://doi.org/10.1038/s41598-020-68477-2


http://creativecommons.org/licenses/by/4.0/

	PiDose: an open-source system for accurate and automated oral drug administration to group-housed mice
	Anchor 2
	Anchor 3
	Methods
	Hardware. 
	Software and dosing methodology. 
	Animals. 
	RFID capsule implantation. 
	Drug treatment. 
	Statistics. 

	Results
	PiDose accurately weighs and delivers liquids to group-housed mice. 
	PiDose maintains stable drug treatment over long periods despite day-to-day changes in bodyweight and water consumption. 

	Discussion
	References
	Acknowledgements


