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D’'Apuzzo, Massimo, Georgia Mandolesi, Gerald Reis, and Erin herpes simplex virus, vaccinia virus, adeno associated virus,

M. Schuman. Abundant GFP expression and LTP in hippocampaéntivirus, and sindbis virus have been shown to effectively

acute slices by in vivo injection of sindbis viru.NeurophysioB6: nfect cultured hippocampal neurons as well as hippocampal

1037-1042, 2001. Virus-mediated gene transfer into neurons i%l?ce cultures (Ehrengruber et al. 1999; Griesbeck et al. 1997

powerful tool for the analysis of neuronal structure and funCtiork%mmesheidt et al. 1996: Miyaguchi et’ al. 2000; Moriyoshi et,
|.

Recombinant sindbis virus has been previously used to study prote . . . .
function in hippocampal neuron cultures as well as in hippocam \ 1996). Reports of successful infection of acute slices exist

organotypic slice cultures. Nevertheless, some concern still exisf@ntor et al. 1996) but remain plagued by concerns for neu-
about the physiological relevance of these cultured preparatioh@nal specificity, health, and viability (Easton et al. 1998). The
Acute hippocampal slices are a widely used preparation for the stugifidbis virus was chosen as a vector because it possesses an
of synaptic transmission, but currently recombinant gene deliveryefficient promoter and readily infects neurons (Ehrengruber et
usually achieved only through time-consuming transgenic techniquag. 1999). An enhanced green fluorescent protein (EGFP)-
In this study, we show that a subregion of the CAl area in acu@ased reporter was introduced into the CA1 area of the adult
hippocampal slices can be specifically altered to express a genehpfpocampus by intra-cranial stereotaxic injection of virus
interest. A sindbis virus vector carrying an enhanced green quorescg fution. On the day following this in vivo infection in anes-

protein (EGFP) reporter was injected in vivo into the hippocampus - . .
adult rats. After 18 h, rats were killed, and acute hippocampal slicesetlzed rats, acute hippocampal slices were prepared from the

infected in the CAL field, were analyzed morphologically and eIe??feCted area anq Iate-phase LTP was succe_ssfully induced.
trophysiologically. Infected slices showed healthy and stable electfourthermore, the introduction of an EGFP-actin construct al-

physiological responses as well as long-term potentiation. In additidﬁWed the resolutlon' of dendrites and spines in living neurons

infected pyramidal cells were readily recognized in living slices bysing two-photon microscopy.

two-photon imaging. Specifically, the introduction of an EGFP-Actin

fusion protein greatly enhanced the detection of fine processes gpdtHops

dendritic spines. We propose this technique as an efficient tool for

studying gene function in adult hippocampal neurons. Virus construction

Sindbis virus was generated using the sindbis expression kit (In-
vitrogen). The fragments coding for EGFP and EGFP-actin were
released from pEGFP-C1 and pEGFP-Actin (Clontech), respectively,

; ing Nhd and Apa and subcloned into thXba and Apd sites of

s ﬁgvt?éal Ir;];liiﬁm?l\sﬂgg ﬁgi&%p&?fgifiggg)plgf I:?(le?r:? ac%?lr?Rep& Capped RNA was generated and cotransfected with the DH

ynapuc p y ’ 9 P (26S) helper RNA (invitrogen) into baby hamster kidney cells. After
tentiation (_LTP) at the Schaffer_ Collat(?r_a\I-CAl SyNapses 1S3g h the supernatant was collected and concentrated by differential
well-established form of synaptic plasticity. Many of the molgentrifugation (200,00 for 3 h at4°C).

ecules involved in LTP have been identified through pharma-
cological manipulations of adult hippocampal brain slice|§I
(Schuman 1996). Alternatively, the manipulation of genes
through the generation of transgenic animals provides speciAdult male Sprague-Dawley rats (4852 days old) were anesthe-
ficity. In addition, the introduction of the Cre/loxP recombinatized with a ketamine (90 mg/kg)/xylazine (10 mg/kg) mixture by
tion technique eliminates some of the concern related to gBtaperitoneal injection and placed in a stereotaxic frame (Kopf

tential developmental effects of the genetic manipulatidﬁs”umem)' Occasionally, additional doses of anesthetic were deliv-

i i limitati . +gred to keep the anesthesia level stable throughout the experiment.
(Tsien et al. 1996). Both approaches have their limitations: t %vo holes were drilled in the skull to gain access to the pyramidal cell

pharmaco'logical ap'p.roach. i.s Iimitgd by the existepce of CO@er of area CA1 in the hippocampus. The injection coordinates were
pounds with a specific activity, while the transgenic approagidiapjished using the point of intersection of the sagittal suture with

is expensive and time consuming. To overcome these limitfe best fit along the coronal suture (Bregma) as a reference for the
tions, we developed a different strategy based on virus-megliteral and antero-posterior coordinates (Af%.5 mm; L: 5.2 mm).
ated gene transfer. Several viral vectors including adenovir@&e dura mater was carefully removed to expose the brain surface,

INTRODUCTION

Vivo injection
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which was used as reference point for the vertical coordinates (80 X/1.2 Olympus). Images were then manipulated with Image Space
—2.8 mm). To obtain reproducible injections, quartz micropipetteoftware (Molecular Dynamics).

with a microfilament (1 mm OD, 0.7 OD, 10-cm-length, Sutter In-

strument) were beveled (K. T. Brown Type, Sutter Instrument). VirOilEs UL TS

solution was delivered in short pulses (20—400 ms) supplied by a ) )

picospritzer apparatus (General Valve, Picospritzer Il). To obtaingPecific targeting of hippocampal CA1 neurons

reproducible volume per pressure pulse, the injection pressure Wasl'he comblex oraanization of the hiooocampal cortex makes
varied between 20 and 40 PSI. Multiple pulses were applied up tg a P g PP P

total volume of 0.50+ 0.10 ul. The surgery was completed bythe intracranial targeting of the virus particularly challenging.
suturing the scalp and allowing the rat to recover with analgedi@ Vivo injections of the virus are most easily targeted to the

treatment (ibuprofen PO). antero-septal portion of the hippocampus. However, the most
reliable field recordings are obtained from slices situated in the
Hippocampal slice preparation middle of the hippocampal formation (Amaral and Witter

] ) S 1994; Schuman 1996). The stereotaxic coordinates chosen in
Injected rats were .kllled 16-20 h after the_ln vivo injection. Ratéur studies represent a compromise between these two situa-
wer_glanesthetléed with hlegothane and gecaf?.'t"?‘tfd* anbd the br?;? lgﬁﬁs. Holes were drilled under stereotaxic guidance in the
rapidly removed to ice-cold, oxygenated, artificial cerebrospinal fluig, ieia) hone at the median edge of the insertion of the tem-
[ACSF, which contained (in mM) 119 NaCl, 2.5 KCI, 1.3 MggQ.4 LT
CaCl,, 1.0 NaH2PQ, 26.2 NaHCQ, and 22 glucose]. Hippocampal pora_l m_uscle_. The injection spot, 5‘2. mm lateral from the
slices were prepared using a Stoelting tissue chopper. In experimdffiditudinal fissure and 5.5 mm posterior to the Bregma point
requiring high-magnification imaging, the rats were anesthetized witfitersection of the coronal and longitudinal fissures), was
a ketamine (40 mg/kg)/xylazine (5 mg/kg) mixture, and the slicd@producibly localized in adult rats (48- to 52-day old). Great
were prepared with a cooled oscillating tissue slicer (OTS-300-0gare was taken in establishing the vertical coordinates. The
FHC, Brunswick, ME). Serial sections of 50@m were cut. The targeted central portion of the hippocampus, area CA1, runs at
extraneous cortical and subcortical tissue was gently dissected awayery steep angle; thus a small change in the vertical plane will
with the small end of a spatula. The injected slices were identified byt in a misplaced injection. We found that the surface of the
fluorescence microscopy and then allowed to recover in an interfa&eain, if left undamaged, can be used as a reliable reference.
chamber at room temperature for at least 2 . The stratum pyramidale of the CA1 area was reached by gently
) lowering the tip of the injection pipette 2.8 mm below the pial
Electrophysiology membrane. The viral solution was delivered with an average of

Hippocampal slices were perfused with oxygenated ACSF at rool Pressure pulses applied through a picospritzer apparatus.
temperature in a submerged chamber. The injected area was identifi@ duration of the generated pulses and the pressure applied
with an epifluorescence microscope. Field excitatory postsynaptiz the electrode was chosen to obtain a minimal injected
potentials (fFEPSPs) measured in stratum radiatum were evokedvmtume per stroke, generalkg50 nl. We found that beveling
stimulation of the Schaffer collateral-commissural afferents (1 stinthe tip of the electrode to an aperture of 1w® was crucial in
ulus every 15 s). The initial slope was measured. The extracellulgtaining reliable injections. Pipettes with a smaller diameter
recording electrodes were filled Wit3 M NaCl. Input-output (I/0) 5jlowed a more precise control of the injected volume but
relations were monitored by measuring the EPSP slope in responseQyed to occlude more easily. Rats were generally killed 1-2
increasing stimulation currents. Paired-pulse facilitation was me ays postinfection Transversé hippocampal slices (800

sured at two different intervals: 50 and 100 ms. Tetanic stimulati | h d the localizati f the viral
was delivered at the test intensity in 1-s trains at 100 Hz with folfyere cut to evaluate the extent and the localization of the vira

trains 30 s apart or four trains 5 min apart, for short- and long-terffiglivery. A successful injection resulted in infection of a dis-
potentiation, respectively. Ensemble average plots represent gréligte subregion of area CA1.
means of each EPSP for all the experiments, aligned with respect t&GFP was chosen as a reporter gene, allowing an effortless
the time of the LTP induction. Error bars indicate the standard errgisualization of the expressing neurons. As shown in Fig. 1, the
of the mean (SE) calculated for the entire data set for a given tiflaorescent signal is derived almost exclusively from pyramidal
p'oin't._ Paired or qnpairetitests were used to calculate t_he statisticzﬁe”s, extending from the hippocampal fissure to the alveus.
significance of within group or between group comparisons, respegne size of the infected area was proportional to the amount of
Airus injected. For example, if 500 nl of viral solution (multi-
plicity of infection of 1(/ul) was injected, the resulting infec
tion extended laterally transducing cells through two to three
adjacent 50Qsm-thick slices. Such a widespread infection
During imaging, the slices were placed into a 35-mm glass-bottogmsured that at least one slice was infected throughout its entire
dish (MatTek) coated with poly-lysine (1 mg/ml) and perfused witthickness. Higher injection volumes were associated with tis-
ACSF gassed with 95% 5% CO, at room temperature. To immo sue damage, while lower volumes reduced the chance of cut-
bilize the sample during perfusion, a Millicel-CM filter (04m, ting transverse slices that exhibited green signal on both sur-
Millipore) was laid on the slice. A custom-built two-photon laserfgces.
scanning microscope (TPLSM) was used to acquire high-resolutionTpa expression of the introduced gene was very rapid:;

images of three-dimensional neuronal structures deep within br 'Poteins were detected as earlg & h post infection and

slices (50-200um). The two-photon light source provided by a ion | | to steadv-state | Is in th b t
Ti:Sapphire laser (Tsunami, Spectra Physics) mode-locked at a wa§gPression levels rose 1o steady-staté Ievels in (ne subsequen

length of 860 nm was delivered to the scan-head of an Olympt§é—18 h. The rapid expression of the introduced genes led us to
Fluoview confocal microscope. High-resolution images were acquirt®st Whether the ex vivo infection of acute slices would be
through an inverted Olympus IX70 microscope supplied with0 feasible. Acute slices 50@m thick were prepared from rats
water-immersion objective corrected for infrared light (UplanApo/IKilled at different ages and allowed to recover for 2 h at an

significance of potential differences between the I/O curves.

Imaging
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Fic. 1. Specific infection of CA1 neurons
in the adult rat hippocampus. A representa-
tive transverse slice cut 18 h after infection
with the enhanced green fluorescent protein
(EGFP)-actin construct is shown. The image
represent the maximal intensity projection of
10 sections acquired by two-photon laser-
scanning microscopy (TPLSM) every 1én
and collapsed (bar, 20@m). An overlay of
the fluorescent signal on the differential in-
terference contrast image is shown.

interface chamber. Using a picospritzer setup similar to the oiméected slice at an interstimulus interval (ISI) of 50 or 100 ms,

described inveTHobs for intra-cranial injections, the virus waswas not significantly different from that observed in control

delivered ex vivo under microscopic guidance. slices. A significant difference was observed when basal syn-
Fluorescent cells were easily identified in slices preparegbtic transmission of the infected slices was compared with the

from rats=12 day. Efficient infection was achieved only whertontrol adjacent sliced?(< 0.01). Measurements of the input/

the somatic area of the cell bodies of neurons was directiytput (1/O) relation indicated that the infected slices showed a

exposed to the viral solution (see also Ehrengruber et al. 199%ss steep” I/O curve (Fig.2).

Older animals (15-, 30-, and 50-day old) were completely

refractory to the virus (data not shown), underlining the necedigh magnification two-photon imaging of infected slices

sity for in vivo injection in the adult animal. . o
y ] The EGFP-actin reporter was chosen to obtain high-fidelity

images of dendritic spines. In healthy CA1 pyramidal cells,
polymerized actin is highly concentrated at synapses where it
To establish if the infected tissue exhibited normal electréerms a lattice underneath the postsynaptic density and is
physiological properties, fEPSPs were recorded from infectehgitudinally organized in the spine neck (Matus 1999). In
regions of s. radiatum and compared with nonfluorescent agpoptotic neurons, the actin signal has been observed to fade
jacent slices (Fig. B). Although this recording technique doedrom the spines to highlight some of the developing varicosities
not allow the resolution of responses from individual neuronand eventually concentrate in high-intensity puncta in pro-
it does provide a reliable indicator of the integrity and viabilitgesses devoid of spiny protrusion (data not shown). This cy-
of most neurons in the infected area. topathic phenotype was observed in most processes visualized
The fluorescent area was visualized with an epifluorescexttthe slice surface (data not shown) and was probably due to
microscope, and the recording electrode was carefully po#ie slice cutting technique. These observations are consistent
tioned in the middle of the fluorescent s. radiatum (Fig).2 with the finding that actin redistributes following neuronal
Infected slices exhibited healthy and stable electrophysiologiistress (Halpain et al. 1998).
cal responses. As showed in Fi@3,2he waveform of fEPSP  Two-photon microscopy was used to image viable tissue
was similar in both control and virus-infected slices. On innside the slice (Denk and Svoboda 1997). As shown in images
duction of LTP, a large and persistent increase in synaptcquired 100—20@um below the surface in the center of the
strength was observed in both infected slices and adjacenfected area (Fig. B), 50% of the neuropil contains the
uninfected slices. In infected slices, late-phase potentiaticeporter EGFP-actin. As expected in healthy tissue, the fluo-
measured 230 min after tetanus induction was 191 24.8% rescent signal was enriched in dendritic spines; in addition,
of the baselineR < 0.0001). The adjacent uninfected slicesnost of the processes exhibited homogenous fluorescence.
showed a potentiation of 174 5.7% when compared with the These features are more clearly observed at the periphery of the
baseline. infected area, where single dendrites glow under the excitation
In addition, paired-pulse facilitation (PPF) was measured Bght without substantial fluorescence from adjacent neurons
a form of short-term plasticity (Fig.@. PPF, measured in the(Fig. 3,B andC).

Synaptic plasticity in infected slices
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To further confirm the morphological observations oP!SCUSSION
healthy tissue, fEPSPs were recorded from the infected regions
of CA1 s. radiatum and compared with nonfluorescent adjacenin this study, we describe a technique for the introduction of
slices (Fig. ®). As in the case of slices infected with EGFHoreign genes into a discrete region of the brain. Several
virus, EGFP-actin expression is not toxic: the fEPSP wavaspects of the injection technique were optimized to achieve
forms were indistinguishable from controls and furthermorapundant expression of the gene of interest, allowing field
LTP was induced in both control and virus-infected slices. potential recordings in the infected area. A relatively selective
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Fic. 3. EGFP-actin infected neurons exhibit
a healthy morphology with clearly visible
spines.A: high magnification of the neuropil of
the stratum radiatum in the center of the infected
area. A maximal intensity projection is shown
after filtering 12 sections Jum apart with a
Gaussian procedure (bar, 20m). B and C:
single sections from isolated dendrites at the
periphery of the injected area (bar, 2on). D:
the ensemble average of 2 pathway experiments
performed on both infected sliceso)( and
D 150 — adjacent uninfected slices & 8 and 6, respec-
tively). LTP was induced by 4 trains of tetanic

A Control ® Actin-EGFP Sindbis . X . .
stimulation attime 0 (» and e). Untetanized
300 control pathways are shown. The superimposed
J representative EPSPs were recorded 10 min be-
fore and 50 min after LTP induction (scale bars,
250 a 0.5 mV and 20 ms).

0 Actin-EGFP Sindbis Path 2
4  Control Path 2
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infection of neurons was achieved by using the sindbis viresordinates because the injected area is more easily identi-
and delivering it to the cell body area. fied.

In our experiments, expression of the reporter protein wasThe electrophysiological response of the infected slices was
detecte 6 h post infection. The fluorescent signal increased similar to control slices in the induction of short-term synaptic
reach a plateau-24 h post infection. Although viable cellsplasticity, assessed as PPF, and in the stimulation of a robust
have been identified=4 days following infection, signs of late phase potentiation at the CA3—-CA1 synapses. Basal syn-
cytotoxicity, assessed by TPSLM microscopy, advises agaimagitic excitability, monitored measuring the slope of the fEPSP
such a prolonged incubation. in response to electrical stimulation of varying current ampli-

As indicated inresuLTs the coordinates chosen for thetudes, was significantly altered in the infected slices. Increasing
injection represent a compromise between the stereotasgtanulus strength was less efficient in increasing synaptic trans-
accessibility and a strong induction of field potentials. Almission in the infected slices when compared with the control
though electrophysiological measurements were made ammal. This difference is probably a consequence of the in-
horizontal hippocampal slices, we found that coronal slicgaction itself. Indeed a small percentage of dead cells was
also show clear field potentials when the stimulating elechserved in the infected area even when the tissue was fixed in
trode is placed in close proximity to the recording electrodévo by intracardiac perfusion of paraformaldehyde solution.
in the s. radiatum. Since the injection area can be easilye relative “shallowness” of the 1/O curve in infected slices
modified to target adjacent regions (such as the hippocamgaks not have any obvious effect on plasticity since both PPF
CA3 area, the amygdala or the dentate gyrus), coronal slicesd LTP were normal in infected slices. Nevertheless this
may be advantageous while establishing the stereotaxlifference in basal synaptic excitability invites caution in the

J Neurophysiol VOL 86 « AUGUST 2001 WWW.jN.0rg



1042 M. D’APUZZO, G. MANDOLESI, G. REIS, AND E. M. SCHUMAN

design of future experiments. Results obtained with the intrBenk W anp Svosopa K. Photon upmanship: why multiphoton imaging is

duction of a foreign gene should always be compared with_gnore than a gimmickNeuron18: 351-357, 1997. _
control (e g EGFP) Easton RM, JoHNsON EM, aND CReeDON DJ. Analysis of events leading to

. . neuronal death after infection with E1-deficient adenoviral vechdos Cell
The strong expression of the reporter gene under the sindbigg rosci11: 334-347 1998.

sub-genomic promoter was used to introduce a fluoresceffencruserMU, LunpsTrRoM K, SCHWEITZER C, HEUSSC, SCHLESINGER'S,
reporter gene. When combined with two-photon microscopy,anp GaHwiLer BH. Recombinant Semliki Forest virus and Sindbis virus
the presented method allows the simultaneous eIectrophysiosfg(/:\i<Ee)r23tly7 gﬁcg r(;itérolnngig hippocampal slice culturgsoc Natl Acad Sci
nglcal mampUIatlon and visualization of adult hlppocamp%RlESBECKO, KoRTE M, GRAVEL C, BONHOEFFERT, AND THOENEN H. Rapid
tissue. . i . i i i Tgene transfer into cultured hippocampal neurons and acute hippocampal
The ability to induce foreign genes in a discrete subregion Ofsjices using adenoviral vectomstol Brain Res44: 171-177, 1997.
the brain can be utilized to precisely trigger recombinatiafaLran S, HPoLiTo A, AnD Sarrer L. Regulation of F-actin stability in
events. In theCre/loxP system, the recombination event is dendritic spines by glutamate receptors and calcineukiiNeurosci18:

: f : .- 9835-9844, 1998.
genera”y obtained by crossing a Cre transgemc mouse IllgAgMMESHEIDT A, 170 K, KATO K, VILLARREAL LP, AND SUMIKAWA K. Trans-

with a line expressing a floxed gene. In this case, specificity ISjuction of hippocampal CAL by adenovirus in viverain Res736: 297—
determined by the nature of the transcriptional promoter thato4, 1996.
drives the expression @re. Viral delivery of Cre recombinase KAnTor DB, LANZREIN ML, STARRY J, S\NDOVAL G, SMITH B, SULLIVAN BM,

i i ihili Davipson N, AnD ScHumAaN EM. A role for endothelial NOS in LTP
aglllgargegghg]ﬁcrgﬁtssettehrﬁ ﬂeXIIbIIIt)é of t?ﬁre/IOXIP?yStem as revealed by adenovirus-mediated inhibition and resSeéence274: 1755—
> S | poral and spa |_a resolution. ) 1748, 1996.
The high activity of the sub-genomic promoter will alsaienka RCanD NicoLL RA. Long-term potentiation—a decade of progress?
ensure that dominant negative mutants will be expressed at &cience285: 1870-1874, 1999.
sufficient high level; furthermore the high number of RNAVATUs A. Postsynaptic actin and neuronal plasticiBurr Opin Neurobiol9:

transcripts generated will be beneficial in antisense techniqueger 905 1990 = = e o

_ We prOpose_th|5_ tEChqu_e as a new effective tool for StUdY'hippocampal slice cultures with an adenovirus vector driven by cytomega-
ing gene function in adult hippocampal neurons. lovirus promoter: stable co-expression of green fluorescent protein and lacZ
genesBrain Res Bull51: 195-202, 2000.
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