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h  i g  h  l  i  g  h  t  s

• A  microfluidic  device  for  perfusion  of  drugs  to  brain  slices  is  presented.
• This  device  administers  drugs  to the  slices  with  high  spatio-temporal  resolution.
• The  tool  delivers  solution  to  cells  20×  faster  than  conventional  perfusion  systems.
• The  device  is  able  to store  and  deliver  up  to  4 solutions  in  series.
• The  tool  is  free standing  and  can  be used  in  combination  with  other  probes.
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a  b  s  t  r  a  c  t

We  have  developed  a superfusion  method  utilizing  an  open-volume  microfluidic  device  for  administra-
tion  of  pharmacologically  active  substances  to selected  areas  in brain  slices  with  high  spatio-temporal
resolution.  The  method  consists  of  a hydrodynamically  confined  flow  of  the  active  chemical  com-
pound,  which  locally  stimulates  neurons  in  brain  slices,  applied  in  conjunction  with electrophysiological
recording  techniques  to  analyze  the  response.  The  microfluidic  device,  which  is  a novel free-standing
multifunctional  pipette,  allows  diverse  superfusion  experiments,  such  as  testing  the  effects  of  differ-
ent  concentrations  of drugs  or drug  candidates  on  neurons  in  different  cell  layers  with  high  positional
accuracy,  affecting  only  a small  number  of  cells.  We  demonstrate  herein  the use  of  the  method  with
electrophysiological  recordings  of  pyramidal  cells  in hippocampal  and  prefrontal  cortex  brain  slices  from
rats,  determine  the  dependence  of  electric  responses  on the  distance  of  the  superfusion  device  from  the
recording  site,  document  a multifold  gain  in  solution  exchange  time  as  compared  to  whole  slice perfusion,
and  show  that  the  device  is able  to  store  and  deliver  up to  four solutions  in  a series.  Localized  solution
delivery  by  means  of open-volume  microfluidic  technology  also  reduces  reagent  consumption  and  tissue
culture  expenses  significantly,  while  allowing  more  data  to  be collected  from  a single  tissue  slice,  thus
reducing  the  number  of  laboratory  animals  to be  sacrificed  for a study.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In vitro brain slices constitute a valuable experimental model
system for studying communication between, or the effects of
drugs on, neurons and astrocytes in an environment which pre-
serves the cellular network, i.e. the organization in cell layers,
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processes, and synapses. Unlike in vivo studies on brain using live
anesthetized animals, experiments on brain slice preparations have
the advantage that the influence of anesthetics on cellular functions
is eliminated. Single cells are more easily accessible by probes and
imaging techniques, which enables precise physiological and phar-
macological studies of the functions and properties of the neuronal
networks present in these slices.

There are several examples of micro-perfusion devices designed
for extracellular delivery of biologically active substances to brain
slices. For example, glass micropipettes, with the capability of
applying substances via a laminar flow through a micro scale aper-
ture, have been widely used (for review see Huang et al., 2012).
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However, control of flow dynamics is quite limited due to diffusion,
limiting solution confinement in addition to challenging device fab-
rication and complex construction.

Microfluidic devices are emerging as powerful tools for neu-
roscientists (Huang et al., 2012), allowing spatiotemporal control
over solution delivery to the extracellular environment around
neurons and astrocytes in brain tissue preparations. The major
ambitions of microfluidics in the context of brain tissue slices are
to provide efficient nutrient and oxygen delivery, in addition to
waste removal, while allowing spatio-temporal control over the
local chemical environment, and enabling diverse imaging and pro-
bing techniques. Solutions to one or more of these problems have
emerged, utilizing microfluidic flow chambers which support inter-
stitial flow for better gas penetration of thick tissue slices (Rambani
et al., 2009), or focal perfusion within conventional slice chambers
for improved control over the solution environment in a selected
slice region (Blake et al., 2007). A new promising approach is the
use of hydrodynamically confined flow (HCF) technology for local-
ized microperfusion (Queval et al., 2010). By continuous uptake of
the delivered solution, HCF devices produce a confined liquid vol-
ume  outside the device, i.e., a virtual flow chamber which merely
touches a selected area of the tissue slice. This principle is an exten-
sion of the many variants of the push-pull arrangement of glass
capillaries (Veselovsky et al., 1996). The use of microfabricated
devices eliminates the disadvantages associated with glass needles,
and adds additional benefits such as facilitated interfacing and a
broader choice of materials.

A distinct problem with the initially introduced HCF devices is
the difficulty to use conventional light microscopes, as the verti-
cal architecture with perpendicular apertures blocks the optical
path. Moreover, it is impossible to use auxiliary probes, such
as electrophysiological recording electrodes, in conjunction with
this superfusion architecture. We  have recently developed a HCF
based free-standing multifunctional pipette in polydimethylsilox-
ane (PDMS) which largely overcomes these disadvantages (Ainla
et al., 2010, 2012). Briefly, the test solution is selected from a set of
local reservoirs by an internal fast-acting liquid switch zone, and
fed to a delivery channel at the tip of the pipette, close to the bio-
logical specimen. Vacuum channels located on either side of the
delivery channel enable the formation of a virtual flow chamber of
the test solution. The device is applied at an angle to the microscope
table, allowing additional probes to be used in tandem, addressing
the same environment at the tip of the pipette.

Here, we demonstrate the capabilities and benefits of the mul-
tifunctional pipette to administer the glutamate receptor agonist
�-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
and its antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
to electrophysiologically recorded pyramidal cells within rat hip-
pocampal and cortical brain slices.

2. Materials and methods

2.1. Preparation of brain slices

2.1.1. Hippocampus
Hippocampal slices were prepared (see Abbas et al., 2011)

from 2- to 4-week-old Sprague-Dawley rats (Scanbur BK, Sollen-
tuna, Sweden). The procedures conformed to the guidelines of the
Swedish Council for Laboratory Animals and were approved by
the Gothenburg Ethical Committee for Animal Experimentation.
The animals were sacrificed by decapitation after initial isoflurane
anesthesia, and the hippocampi were quickly dissected. Trans-
verse slices (400 �m thick) were prepared by an in-house designed
McIlwain-type tissue chopper and placed in a holding chamber
containing an oxygenated Ringer’s solution at room temperature,
composed of (in mM):  NaCl 119, KCl 2.5, CaCl2 2.0, MgCl2 2.0,

NaHCO3 26, NaH2PO4 1.0, and d-glucose 10, gassed with 95% O2/5%
CO2. After storage for at least 90 min, the slices were transferred as
needed to a recording chamber where they were submerged by a
continuously superfusing solution saturated with 95% O2 and 5%
CO2. The composition of the perfusion solution was  the same as
in the holding chamber except for using 2.5 mM CaCl2 and 1.3 mM
MgCl2, with the pH balanced to 7.4. A peristaltic pump (Ismatec,
Labinett Lab AB, Sweden) was  used to recirculate the solution
(1.5–2.0 mL/min), keeping the flow rate constant and avoiding any
flow artifacts. Experiments were performed at 30–31 ◦C.

2.1.2. Medial prefrontal cortex
Male Sprague-Dawley rats (Charles River, Germany) were used

(80–250 g) for all the experiments. The animals were housed under
standard laboratory conditions and maintained on a 12 h light/dark
cycle (lights on at 06:00) with ad libitum access to food and water.
All experiments at Karolinska Institutet were approved by, and
conducted in accordance with, the Stockholm North Committee
on Ethics of Animal Experimentation. Procedures for the prepa-
ration of rat medial prefrontal cortex (mPFC) slices have been
described previously (Arvanov et al., 1997; Arvanov and Wang,
1998; Konradsson et al., 2006). Briefly, the rats were decapitated
under halothane anesthesia. The brains were then rapidly removed
and cooled in ice-cold Ringer’s solution (pH 7.4) consisting of (in
mM):  NaCl 126, KCl 2.5, CaCl2 2.4, MgCl2 1.3, NaH2PO4 1.2, d-
glucose 10, NaHCO3 18, and oxygenated with 95% O2/5% CO2. The
brains were then cut coronally, using a Vibroslice (Campden model
MA 752, World Precision Instruments, Sarasota, FL, USA) instru-
ment, in order to produce 450 �m slices. The brain slices were
removed from the instrument and kept submerged in oxygenated
Ringer’s solution at room temperature for at least 1 h to allow for
recovery.

2.2. Electrophysiological recordings

2.2.1. Extracellular recording of field excitatory postsynaptic
potentials (fEPSPs) in the hippocampus

The commissural–Schaffer collateral pathway of the hip-
pocampal CA1 area was stimulated using an in-house developed
programmable pulse generator. Stimuli consisted of 100 �s,
20–50 �A, negative constant-current pulses, delivered via an insu-
lated sharpened tungsten wire (type TM33B01, World Precision
Instr., FL, USA) at a rate of 0.1–0.2 Hz. Extracellular field poten-
tials were recorded in the middle of the pyramidal cell dendritic
layer (stratum radiatum), 200–500 �m away from the stimulating
electrode, via a glass micropipette filled with 1 M NaCl (resis-
tance 3–5 M�;  made from Kwik-Fil borosilicate glass capillaries,
World Precision Instr., FL, USA; pulled by a P-97, Sutter Instru-
ments, Novato, CA, USA). Signals were amplified, filtered, digitized
and transferred to a computer for analysis, using electronic equip-
ment based on an Eagle Technology (RSA) multifunction board.
Off-line data analysis was  performed using pCLAMP-Clampfit soft-
ware (Molecular Devices, CA, USA). The size of the recorded fEPSP,
which was  dominated by the contribution from AMPA-type glu-
tamate receptors, was estimated as the negative peak amplitude
relative to the pre-stimulus baseline. This measurement provides
an index of the efficacy of AMPA receptor-mediated synaptic trans-
mission (Muller et al., 1988, 1989; Shahi and Baudry, 1992).

2.2.2. Intracellular recording of AMPA-induced currents in medial
prefrontal cortex

A single slice containing the mPFC was transferred to a recor-
ding chamber (32 ◦C) and was  held submerged between two  nylon
nets. The chamber was  continuously perfused with oxygenated
Ringer’s solution at a flow rate of 1–2 mL/min. A standard intracel-
lular single-electrode technique was  used to record from pyramidal
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