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Abstract. An experimental stable model of an in vitro turtle brain (Chrysemys d’orbigny) was developed in or-
der to compare clectrographic activity (EEG) with transmembranc potentials. Two preparations were used: a
whole intact hemisphere and a whole open hemisphere. The latter permitted casicr impalement of cortical
ncurons through the ependymal surface. The EEG characteristics were similar to those described in turtles in
vivo. The EEG was nonrhythmic (rhythmicity coc(ficient <0.40). The power spectrum prescnted a high encrgy
band between 1 and 3 Hz, decrcasing progressively towards the higher frequencics. Total power of the EEG
was one order of magnitude greater than the system noise. Random large amplitude sharp waves (22-300 pV,
500-1,900 ms) were recorded spontancously. Hypoxia produced an increase in frequency and amplitude of the
large sharp waves, without modification of cither EEG background activity or membranc potentials. Physostig-
mine provoked the disappearance of the large sharp waves, an cffect reversed by atropine. The addition of
TTX to the medium provoked the abolition of the EEG, although spikes and platcaus determined by Ca-*
conductances persisted. The power spectra band of maximum rclative potency was (1.8-2.5 Hz for both EEG

and slow membrane potentials.

Introduction

The basic fcatures characterizing brain ficld activ-
ity (EEG) in turtles and other reptiles have been de-
scribed by several authors [e.g. Bullock, 1984, 1988,
1989; Bullock and Basar, 1988). Nevertheless, studies
of nonmammalian vertebrate EEGs are scarce com-
pared to the numerous reports describing mammalian
EEGs [for review, sce Bullock and Basar, 1988].

Studies of turtle brains arc rclevant for attempts to
comparc both the functional and anatomical organi-
zation of vertebrate nervous systems. Turtles, like oth-
cr reptiles, have a very primitive cortical organization
consisting of thrce layers [Desan, 1984]. This trilami-
nar structure is distributed throughout the dorsal and
mcdial parts of the hemisphere, which have been
namcd dorsal or gencral (DC) and medial (MC) cor-
tices, respectively. The study of this relatively simple

cortical structurc could provide interesting data for
the understanding of basic mechanisms in the com-
plex cortex of mammals. Morcover, the general
hemispheric organization in reptiles is remarkably
similar to that cxhibited by mammals [Northcutt,
1981].

Major difficultics are ecncountered when attempt-
ing in vivo clectrophysiological recordings from a tur-
tle brain. For cxample, access to the MC. which is
containcd in the medial aspcct of the hemisphere, is
difficult, and the great mobility of the brain makes in-
tracellular recordings practically impossible.  For
these rcasons, some authors [c.g. Mori ¢t al., 1980;
Connors and Kricgstein, 1986; Shen and Kricgstein,
1986] have resorted to in vitro techniques, but only for
the analysis of cell properties. We have considered it
advantagcous to study spontancous ficld activity in an
in vitro experimental model which allows comparison
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Fig. 1. Preparations for recording brain clectrical activity in
vitro (schematic drawings). A Dorsocaudal view of the left hemi-
sphere sectioned to show its internal configuration. The WIH was
usually recorded with the medial cortex up. Transcctioning of the
lateral aspects (stippling) allows the hemisphere to be unfolded in
the direction of the arrows. B View of the WOH with the ependy-
mal surface up. DVR = Dorsal ventricular ridge; OB = olfactory
bulb.

with simultaneously occurring transmembrane potcn-
tials. The cffects of hypoxia and of some drugs were
also analyzed to investigate the genesis of the back-
ground EEG and spontancous epileptiform activity.

Materials and Methods

Expcriments were performed in juvenile specimens (caparace
length, 3.5-5 cm; total brain length 10 mm) of the fresh water tur-
tle Chrysemys d'orbigny. The original rescarch reported herein was
performed under guidclines established by the Ministerio de Ga-
naderia, Agricultura y Pesca, Division Fauna, Uruguay.

Tissue Preparation

Animals ancsthetized by cold were decapitated, the head was
immerscd in Ringer solution at 4 °C (scc below) and the brain was
removed and hemisected. Two preparations were used: a whole in-
tact hemisphere (WIH) and a whole open hemisphere (WOH),
obtaincd by means of a rostrocaudal cut through the lateral brain

surface, between the septum (S) and the dorsal ventricular ridge
(fig. 1). Hemisected brains were transferred to an open plexiglass
recording chamber and superfused with a Ringer solution, flowing
at a ratc of 1-L.5 ml/min, at room tempcraturc (20-22°C). The
normal supcrfusatc [Mori ct al., 1980] contained (in mAf): NaCl,
96.5; KCI, 2.6; CaCl,, 4.0; MgCl,, 2.0; NaHCO,, 31.5; and glucosc,
10.0. The preparation was oxygenated by diffusion. the saline solu-
tion being saturated with 5% CO, in O,. With this gas mixturc the
pH was maintained at 7.6. In somc cxperiments no gasscs werc
addced, and the solution was oxygenated by diffusion of atmo-
spheric O,. In other experiments the medium was bubbled with
100% O,. In thesc instances NaHCO, was rcplaced by HEPES
20 mM, and the osmolarity was compensated by increasing NaCl
concentration to 108 mM. The same pH (7.6) was consistently
maintaincd.

Drugs

Physostigmine salicylate (10-20 uM) and atropine sulphate
(200 uM) were added to the bath to activate the cholinergic sys-
tems and to reverse this cffect. respectively. The drug TTX
(1-2 pAf) was added to the normal medium in order to abolish the
generation of Na* spikes. Osmolarity was not corrected when
these drugs were added. Ca?* was substituted by Co** (3-5 mAf) in
the saline solution to block the Ca?* channcls.

Electrophysiological Recordings

The WIH was placed with its medial surface up, while the
WOH was extended horizontally with the ependymal surface fac-
ing up. Ficld activity was rccorded with glass micropipettes
(1-2 MQ and 20-100 um OD tip) filled with 1 M NaCl. Micropi-
pettes were visually positioned using a dissccting microscope
(50 x) on the pial surfacc (WIH preparation) or on the cpendymal
surface (WOH preparation) of the MC. DC and S. The EEG was
amplifiecd with high sensitivity low noisc amplificrs (0.3-60 Hz
bandwidth) and subscquently low pass 30 Hz filtered.

Transmembrane potentials were obtained from the MC with
4 M potassium acetate-filled micropipettes (100-200 MQ). A con-
ventional amplificr was used for both intracellular recordings and
stimulation. Current was injected through the recording clectrode
via an active bridgc circuit. and balance was continually adjusted
by cancclling the rapid voltage jump at the onsct and offset of the
current pulse [Engel ct al., 1972]. All signals were simultancously
monitored on a storage oscilloscope. recorded on paper, and
stored in a two-channel digital recorder.

Processing

The analog outputs of the stored data were amplified. filtered.
and fed into a personal computer. The transmembrane potential
was filtered at 6 kHz and sampled at 15 kHz. The EEG and, ¢ven-
tually. the slow membrane potentials (see below) were passed
through an antialiasing filter (cutoff 30 Hz) and sampled at 64 Hz.
Hard copics of both recordings were obtained with an X-Y plot-
ter. Spike amplitude did not decrease with these procedures. Pow-
cr spectra (PS) of the analog data werc obtaincd by means of the
Fast Fouricr Transform (FFT). Periods of 3248 s of stationary da-
ta taken between large sharp waves (LSWs) [Cox and Lewis. 1966;
Buno ct al.. 1978] were processed. The rhythmicity cocfficient
(RC) was calculated as the quotient of the power of the funda-
mental and the power of all the spectral components in order to
quantify rhythmicity [Gaztelu and Buno, 1982).
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Fig. 2. Spontancous EEG and noisc in the recording system. A EEG of the medial cortex in the WIH (1) and in the whole open hemi-
sphere (2). PS arc shown in the inserts. One LSW is present in cach recording. Ficld activity is similar with both techniques. The energy
level of noise in the recording system obtained with the electrodes placed in the Ringer solution is one order of magnitude lower (3). B
Recordings obtained from the septal region (1), the MC (2) and DC (3) in the WOH. EEGs are similar, although amplitude was higher
at the septal arca. Calibrations: 2's, 10 uV, inserts Hz and 2 x 10° pV*/Hz.

Data Buase

Morc than 40 stable recordings of ficld activity were analyzed.
Fifty-five stable intraccllular recordings were studicd concomi-
tantly with the EEG. Ncurons sclected for this study had resting
membrance potentials of at lcast —S0 mV and spike amplitudes of
morc than 55 mV from the firing level. All ncurons were charac-
terized as pyramidal according to their discharge pattern [Shen
and Kriegstein, 1986].

Results

The EEG of the MC, DC and S were recorded. In-
traccllular recordings of MC pyramidal neurons were
simultancously made. The cffects of pO, and some
drugs on ficld and cellular activity arc described.

EEG Characteristics

Background activity was nonrhythmic, with RC
<0.40 and amplitude of 5-15 uV. The EEG was ran-
domly interrupted by LSWs of 22-300 uV (mean =
1284, SEM = 9.8) appcaring at frequencies of 0.5-
8/min.

Background EEG activity amplitude was always
larger than the system’s noise (fig. 2A3) within the
0.2- to 25-Hz band, and total EEG power was one or-
der of magnitude greater than noise. The PS always
presented a peak between 0.8 and 2.5 Hz, beyond
which power decrcased steadily with frequencies of
up to 25 Hz (fig. 2Al, 2, B1-3, inscrts). The power of
frequencies above this value did not differ significant-
ly from noisc. The EEG showed the same frequency
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Fig. 3. Simultancous recordings of ficld activity and transmem-
brance potential of a cell in the medial cortex of a whole open
hemisphere preparation. The same recording is shown in A and B
at two sweep speeds. | = Field potential; 2 = transmembrane po-
tential. A burst at neuronal level formed by a depolarizing wave of
more than 20 mV amplitude mounted by action potentials is
shown in synchrony with the LSW. Calibrations: 1's for A and 200
ms for B: 100 uV for 1 and 20 mV for 2.
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components at the S and MC and DC, both in the in-
tact and open hemisphere preparations (fig. 2). Power
was always greater in the S than in either cortex.

The LSWs were simpler, triphasic or, most fre-
quently, polyphasic (fig. 2B1-3, 3, 4) with total dura-
tion varying between 500 and 1,900 ms (mean 1.059 ms,
SEM 59.8 ms). The simplest ones prescnted a central
wave lasting 50-125 ms with ncgative or positive po-
larity, probably depending on the site of origin. The
LSWs were frequently synchronous at the DC and
MC. They could occasionally be observed asynchro-
nously. when presenting a low amplitude, at the S and
ccrebral cortex. Sometimes the LSWs were preceded
by a discharge of incrcasing amplitude (fig. 4E, F, H)
lasting approximately | s.

Simultancous EEG and Intracellular Recordings

Intracellular recordings during EEG background
activity varied in different cells. Synaptic noisc was
evident in many cclls and was the most frequently ob-
scrved activity in ncurons with high membrane poten-
tials. Random or rhythmic single spikes werc seen
with rclatively low membranc potentials. Burst dis-
charges were obscrved coinciding with LSWs (fig. 3).
Thesc bursts consisted of spike discharges (up to 40
impulses per second. IPS) riding on a depolarizing
wave (0.5- to I-sccond duration and 5- to 25-mV am-
plitude). Successive spikes showed decreasing ampli-
tudes, progressive broadcning and frequency adapta-
tion (fig. 3B2). This burst was gencrally followed by a
long-lasting hyperpolarization (up to 3s duration),
which stopped spontancous ncuron firing (fig. 3A2,
4C, 6A, C).

Scveral alternative waveforms could be observed in
the membrane potential during the occurrence of
LSWs. The EPSP-IPSP scquences werc scen when
synaptic input was subthreshold (fig. 4A, G). When
strong or morc synchronous synaptic input impinged
on the cell the EPSP (followed by an IPSP) rcached
firing level (fig. 4D, E). Some bursts appcared on a
lower amplitude-depolarizing wave (fig. 4C, 6A, C) or
even without a clcar dcpolarizing wave (fig. 4F).
These spikes fired at a lower threshold and initially
showed the same amplitude as isolated spikes. In
some instanccs only a hyperpolarizing wave that stop-
ped the spontancous discharge was obscrved (fig. 4B).

Effects of Changes in pQO,

Increasing the pO, in the superfusing medium re-
duced the amplitude and frequency of LSWs. They
occasionally disappeared completely without affecting
FEEG background activity. Figure 5 shows a typical ex-
pcriment. The EEGs taken at the S and MC arc
shown from figurc 5A to D under different experi-
mcntal conditions. The two lower traces were ob-
taincd with smaller amplification in order to avoid
blocking LSWs. Recordings obtained without bub-
bling the gas mixture in the superfusing medium are
shown in figurc SA. In figure 5B. the amplitude of
LSWs decrcased after perfusion during 11 min with
Ringer saturated with O, 95% and CO, 5%. This ef-
fcct was more cvident at the MC: some LSWs could
still be obscrved at the S (arrowheads). The LSWs
completely disappeared after 35 min. This effect was
reversible: after 43min in unbubbled supcrfusatc
(same conditions as in fig. 5A), LSWs rcappcared.
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Fig. 4. Somce cxamples of LSWs and corresponding changes in transmembrance potentials. A=H Upper records are EEGs obtained at
a low amplification in the medial cortex; lower records are intracellular recordings of MC cells (recordings are from different experi-
ments). Figures on the left indicate the resting membrane potential. A Simple LSW. B-H Complex LSWs. The membrane potential
shows different phenomena during LSWs. Simple (A) or complex (D, G) EPSPs followed by an IPSP, with (D, H) or without spikes (A,
G); IPSP without previous EPSP (B) and bursts riding on a depolarizing wave (C, E) or not (F). Note the apparent lower firing level dur-
ing the burst in ¢. Calibrations: 50 uV and 50 mV for upper and lower records, respectively: positive up in both triaces: horizontal, Is.

Perfusion with 100% O,, with a constant pH, pro-
duced the same effect [data not shown]. This precau-
tion was necessary in order to eliminate the possibility
of influence of both CO, and pH. Reducing the pH to
7.2 decreased the frequency of LSWs, and a pH in-
crcase to 7.8 caused the opposite cffect. Nevertheless,
no changes in the background EEG could be observed
within a broad pH range.

As shown in figure 6, the decrease in pO, did not
modify cither the resting potential or the action po-
tentials. The cell recorded in this experiment showed
a spontancous discharge of isolated spikes and bursts
coinciding with the LSWs (fig. 6A, C) when the Ring-
cr solution was not oxygenated. Bursts and LSWs dis-
appcared when the Ringer solution was bubbled with
the gas mixture (fig. 6B). This ncuron presented a
resting potential of -64 mV and a spike amplitude of
069 mV measured from the firing level: these values
were not modified during the 40 min the experiment
lasted. The shape of the action potential remained
constant in both conditions, as can be scen in the su-
perposition of averages of 8 spikes (fig. 6D).

Effects of Drugs and Channel Blockers

The LSWs disappcarcd when physostigmine salicy-
late was added to the medium (10-20 wW ), while EEG
background activity incrcased in amplitude (fig. 7. |
and 2). Thesc effects were reversed by atropine sul-
phate (200 uM; fig. 7, 3).

The addition of TTX (I-2uM) to the normal
Ringer solution resulted in EEG disappcarance.
Figurc 8 shows that the first cffect (after S min)
was the suppression of LSWs, with an uncxpected
amplitude increase of EEG background activity
(fig. 8A2). Concomitantly, intraccllularly rccorded
Na* spontancous spikes reduced their amplitude
(fig. 832). Fourtcen minutes later the EEG trace
could not be distinguished from noise. By then Na*
spikes had disappeared, and only Ca** spikes and
platcaus remained (fig. 8133) because they could be
blocked by the addition of Co’* to the perfusion
media [data not shown]. After the normal medium
was restored, this effect on both the EEG and the
ccllular activity was progressively reversed (fig. 8A4,
5, B4, 5).
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Fig. 5. O, cffect on the EEG. A-D Upper records, S and the MC EEG at a high amplification; lower traces, same EEGs recorded at a
lower amplification. A Recording obtained from the WOH superfused with normal medium without bubbling OQ,. Repeated LSWs were
obscerved synchronously in both regions. B After 11 min of passing the same medium saturated with O, (95%) and CO, (5%): LSWs are
reduced in frequency and amplitude, the phenomenon being more evident in the MC: in some instances transicnt LSWs appcar only in
the S (arrowheads). C LSWs have completely disappeared after 35 min of passing the same medium saturated with O, (95%) and CO,
(5%). Background clectrical activity did not change. D LSWs reappearced after 43 min superfusing without O,. Calibrations: 20 and 100
pV for upper and lower recordings. respectively; 4 s. Negative up in all traces.

cortex unit during hypoxia and oxygenation. A WOH supcerfused
( . with normal medium without bubbling oxygen: a complex LSW is
Leatld ; } ‘ l [ | =~’ observed in the EEG (1) coinciding with a burst in the cell, fol-

— . \ | Fig. 6. EEG and intracellular recording of the samc medial

lowed by a hyperpolarization (2) which stops the firing during ap-

proximately 1s. B After superfusion with bubbled medium (O,
2 | /‘l | ) J | 95% and CO, 5%). LSWs disappeared. and the cell discharged
| /"I regularly without bursts. C Complex LSWs reappearcd and the
discharge pattern was similar to A. after superfusion with unbub-
D bled Ringer. Note the lower level of firing during bursts than iso-
lated ones in A and C. D Superposition of two averages, one dur-
ing A and the other during B. corresponding to eight action poten-
tials. The AP did not change in cither amplitude or duration.
indicating that it is not deteriorated by the action of hypoxia. Cali-
brations: 50 uV and 20 mV for | and 2, respectively: 1 s for A-C:
—_— 20 mV and 5 ms for D. Positive up in all traces.
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Fig. 7. Effccts of physostigminc on the medial cortex EEG. (1)
Control in normal medium. (2) After 10 min supcerfusing with add-
cd physostigmine salicylate 10 pM. LSW disappeared and the
background activity increased in amplitude. (3) The effect is par-
tially reversed by atropine sulphate 200 pM. Calibrations: 2 s and
10 pV. LSW are truncated.

Another experiment with TTX (1 pM) in the per-
fused medium is shown in figurc 9. In this casc the cell
was silent and spike discharges were elicited by a de-
polarizing pulsc. The EEG (fig. 9A) the PS (fig. 9B),
and cell activity (inserts in fig. 9B) are shown. After
7 min of TTX supcrfusion, LSWs disappeared, the PS
shifted towards higher frequencies, and the total pow-
er increased, while the Na* spikes decrcased in ampli-
tude (fig. 9A2, B2). After 13 min (fig. YA3), the rec-
ording had the samc noise level, as indicated by the
PS (fig. 9B3), similar to that seen in figure 2A3. In-
traccllular recordings showed only low amplitude de-
flections (fig. 9B3), probably Ca’*-dcpendent. These
cxperiments showed that the blockade of Na* spikes
abolishes the EEG.

Slow-Membrane Potentials and EEG

Background EEG activity devoid of LSWs and si-
multancously recorded transmembrane potentials
were both low-pass-filtered at 30 Hz in order to block
the action potential and to establish a relationship be-
tween both activities. Raw data and the PS corre-
sponding to each recording may be observed in figure
10. The filticred membranc potential (fig. 10B) prob-
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Fig. 8. Effccts of TTX on the EEG. A EEGs obtained from the
MC at low (upper record) and high (lower record) amplification.
B Spontancous intraccllular activity recorded at the same time as
A from a medial cortex neuron. Al: Control in normal medium
without bubbling O,; typical LSWs are obscrved. B1: Spikes of
60 mV. A2: 8 min after adding TTX (1 pM) 10 the medium, LSWs
disappearcd and the background activity increased in amplitude.
B2: Spike amplitude decreased (ST mV). A3: Recording amplitude
was reduced 17 min after adding TTX. B3: Na* spikes disap-
pearcd, and Ca®* platcaus and spikes were seen. A4 and A3, and
B4 and B3, 44 and 55 min, respectively, after suppression by TTX.
A progressive normalization can be observed. Calibrations: 50 and
SuV for A, upper and lower records, respectively (negative up),
and 30 mV for B (positive up); 45 for A: 300 ms for BI. 2 and §;
and 40 ms for B3 and 4.

=
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ably contained the known slow potentials, i.e. post-
synaptic potentials, hyperpolarizing and depolarizing
afterpotentials, Ca’* slow spikes and plateaus, and
hyperpolarizing potentials. The EEG and the slow
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Fig. 9. Effects of TTX on the medial cortex EEG. A EEGs. B
PS; inserts: intracellular recordings from an MC cell (upper rec-
ord) during a depolarizing current pulse (lower record). (1) Con-
trol in normal medium. (2) After 10 min superfusion with TTX
I WM, LSWs disappcarcd, EEG total power increased, the PS
shifted towards higher frequencies, and Na* spikes were partially
blocked although the depolarizing current was incrcased. (3)
20 min after TTX supcrfusion, the total power of the record is re-
duced., and Na* spikes have disappeared; only Ca** spikes and
platecaus remain. After adding TTX, the recording could not be
distinguished from the noise of the recording system (sce fig. 2).
Calibrations: 2's and 10 uV for A; Hz = abscissac, and 2 x 10° pV?/
Hz = ordinates, for B; 200 ms, 20 mV and 1 nA for inserts,

membranc potentials (SMP) power spectra coincided
in the maximum rclative power band (0.8-2.5 Hz).
However, SMP power spectra showed more relative
encrgy at the lower frequencies (peak at 0.3 Hz) and
less relative energy in the 9- to 22-Hz band.

Discussion

The in vitro turtle brain preparations presented
here demonstrated that it is possible to record the on-
going EEG during periods of 24 h or more. Morcover,
simultancous recording of intracellular activity in cor-
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Fig. 10. Simultancous recordings of EEG and SMP. A MC
EEG (1) and the corresponding power spectrum (2). B SMP from
a mecdial cortex cell (1) and the corresponding power spectrum
(2). Fast spikes were filtered and the arrow shows a truncated
burst of action potentials. Both power spectra were similar. The
EEG power spectra, however, show relatively more energy in the
lower and higher frequencies. Calibrations: 1s for Al and BI,
5puV for Al and 10 mV for Bl; Hz = abscissac and 2 x 10° pV*/Hz
= ordinate for A2, and 4 x 10* mV?*/Hz ordinatc for B2.

tical ncurons may be performed during many hours
(up to S). Spontancous ficld activity has not been de-
scribed in other in vitro turtle preparations, such as
the olfactory bulb [Mori ct al., 1980]. the cercbellum
[Hounsgaard and Midtgaard, 1988], DC [Connors and
Kricgstein, 1986] and MC slabs [Shen and Kricgstein,
1986], nor in isolated guinca pig brainstem cerebel-
lum in block preparation [Llinas and Mihlethaler
1988a, b].

Background EEG
Background EEG was of low amplitude but always
above the noisc level of the system. The PS demon-
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strated that the total power was 10 times greater than
noisc.

An irrcgular background low-amplitude activity
(10-25 uV) has been described in vivo in the MC of
turtles during periods of up to 12 s. This activity was
intcrspersed with larger amplitude (35-60 uV) epochs
lasting a few seconds and including scveral slow waves
[Gaztelu et al., 1990]. Electrical activity in the DC ex-
hibited the same characteristics, but amplitude was
lower. In our in vitro recordings the EEG activity was
not scgmented in cpochs, amplitude remained con-
stant and was slightly smaller than that obscrved in vi-
vo. Morcover, no differences between EEGs at the
MC and DC were obscrved.

Amplitude differences between our in vitro and the
in vivo models could be duc to one or more of the fol-
lowing. (1) An in vitro brain obviously docs not have
any scnsory afferent and, consequently, does not
process peripheral information. It, thercfore, would
present a very low level of activity. Indeed, under
these conditions of reduced scnsory input, the EEG
presents a lower amplitude than during periods of
activity in turtles (Karmanova and Churnosov, 1972;
Walker and Berger, 1973; Patching, 1974]. in lizards
[Tauber et al., 1968], in caimans [Parsons and Hug-
gins, 1965a] and chamclcons [Tauber ct al., 1966]. (2)
The effect of temperaturc might also be influential.
Although cxperiments were performed at room tem-
perature, it is probable that in the same conditions
the in vivo brain may have a higher temperature ow-
ing to greater encrgy consumption. In this context, a
decrease in EEG amplitude has been described in tur-
tles [Walker and Berger, 1973], alligators [Parsons and
Huggins, 1965b] and lizards [Hunsaker and Lansing,
1962] with decreased temperature of the environment.
The assumption that a smaller amplitude of the in vi-
tro EEG results from a lower brain temperature must
be further tested experimentally. (3) Finally, damage
resulting from in vitro conditions might be responsible
for these differcnces, although the persistence of a
nonmodified EEG and the absence of membrane po-
tential variations over a period of scveral hours make
this less probable.

The PS demonstrated that EEG frequency compo-
nents were similar to those observed in vivo [Gaztelu
ct al., 1990], with a pcak around 2 Hz and a progres-
sive decrease towards the higher frequencies. Howev-
cr, frequencies over 25 Hz were not detected in vitro,
whercas components of up to 40 Hz could be record-
ed in vivo [Patching, 1974; Gaztelu ct al., 1990]. This

fact could be explained by the lower amplitude of the
in vitro EEG, which increases the difficulty of distin-
guishing it from the system’s noisc. The WIH and
WOH preparation EEGs were similar, indicating that
the scction of hemispheric connections doces not af-
fecct the EEG. We therefore chose to work with the
WOH because impalement of the cortical ncurons
through the ependymal surface was casier.

An EEG rhythmicity was never obscrved, not even
after adding physostigminc to the medium. The non-
rhythmicity of the EEG was confirmed by the RC.
which always presented values under 0.45. In the pres-
ence of sustained rhythmic activity, such as the hippo-
campal theta rhythm, the RC varied between (.45 and
0.80. An RC above (.50 corresponded to EEG
recordings with continuous rhythms as obscrved by
the naked-cye examination [Gaztelu and Buno. 1982].

Large Sharp Waves

The presence of spontancous LSWs in the in vitro
turtle preparation merits special consideration. These
waves have been described in a fresh water turtle,
Pseudemys scripta elegans [Gaztelu et al., 1990] and al-
so in a land turtle, Testudo denticulata [Walker and
Berger, 1973] in in vivo preparations. They were sim-
ple or polyphasic, presenting values similar both in
amplitude and duration to thosc obscrved in our in
vitro preparation. These transient waves were record-
cd in both waking, curarized, artificially respirated
animals and in free animals [Gaztelu ct al., 1990).
Walker and Berger [1973] demonstrated that thesc
LSWs — which they called *spikes’ ~ were present dur-
ing behaviorally inactive periods and disappcared up-
on arousal and movements. They discriminated two
distinct clectrophysiological states according to the
polygraphic rccordings: (1) the ‘nonspike’ active state
(i.c. without LSWs), characicrized by a high EMG as-
sociated with low-voltage EEG activity and a heart
ratc of 20-30 beats/min, and (2) the ‘spiking’ state
during behavioral quiescence, with a reduced EMG,
EEG ‘spikes’ and a heart rate of 10-20 beats/min. The
presence of LSWs during inactive states has been de-
scribed in other reptiles [Pyrcthon and Dusan-Pyreth-
on, 1968: Tauber ct al., 1968; Flanigan ct al., 1973]. It is
debated whether this inactive state in reptiles corre-
sponds to behavioral slecp or simply to a resting state.
Independent of the interpretation adopted, and con-
sidering the EEG characteristics, it secems logical 1o
think that the in vitro brain would present a spiking
inactive statc.
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The cffect of physostigmine supports this interpre-
lation. In mammals this drug induces an EEG activity
similar to that present during wakefulness, i.e. a con-
spicuous hippocampal theta rhythm associated with
neocortical low-voltage fast activity. This effect is
blocked by muscarinic cholinergic antagonists such as
atropine [Stumpf et al., 1962; Stumpf, 1965; Kramis ct
al., 1975; Vanderwolf ct al., 1978; Leung, 1985]. The
administration of physostigmine in turtles in vivo
[Gaztelu et al., 1990] results in the disappcarance of
LSWs and an amplitude increcase in background EEG
activity — an effect reversed by atropine. These chang-
¢s correspond to electrographic modifications pro-
duced when passing from the ‘spiking’ to the ‘non-
spiking’ state [Walker and Berger, 1973]. We have
demonstrated that physostigmine cxcrts the same cf-
fect in in vivo brains.,

The LSWs were obscrved in the three regions stud-
icd: DC. MC and S. In conditions resulting in the dec-
rement or abolishment of LSWs, howevcer, they always
persisted longest at the S. They likewise presented
greater amplitude and complexity in the MC than in
the DC, coinciding with data described in the in vivo
model [Gaztclu et al.,, 1990]. These facts suggest that
the S presents a greater capacity for LSW generation,
followed in decreasing order by the MC and the DC.

Neuronal Basis of LSW

The MC ncurons evidenced several modifications
in the membranc potential during the LSWs, the most
important of which were the bursting discharges.
High frequency spike discharges riding on largec-am-
plitude slow depolarizations are similar to the ‘parox-
ysmal depolarization shifts’ described by Matsumoto
and Ajmonc-Marsan [1964]. *Bursting cclls’ have becn
described in a discrete strip of the dorsal MC region
of turtles [Shen and Kriegstein, 1986]. Bursts gencrat-
cd with a low firing level and a lower amplitude depo-
larizing wave have probably originated at different
clectrotonic distances from the recording clectrode -
perhaps in a dendritic shaft — and secondarily propa-
gated to the soma.

The LSWs arc similar to EEG interictal epilepti-
form sharp waves. Their production requires the syn-
chronization of burst activity in a large group of neu-
rons. This synchronization is produced by an excitato-
ry synaptic circuitry organized so that the output of a
group of bursting cclls feeds back onto itself and its
ncighbors [Prince, 1985]. The anatomical basis for this
feedback excitation in the cortex of turtles could be

provided by rccurrent pyramidal cell axons [Trujillo-
Cenoz, pers. commun.]. As found by Russo et al. [un-
publ. obscrvations] most MC pyramids arc capablec of
gencrating platcaus, due to their high threshold Ca?*
conductance, which surely must participatc in burst
generation.

Effects of Hypoxia

The LSWs increased in amplitude and frcquency
when O, was not bubbled in the Ringer solution.
These effects were produced by the O, per se but not
by either CO, or pH modifications under these exper-
imental conditions. The preparation maintained its
properties unchanged during many hours in condi-
tions of hypoxia, with the exception of an incrcase in
LSWs and bursting discharges. No changes were ob-
scerved in cither background EEG activity, resting
membrane potential spikes or afterpotentials. Present
results do not agree with thosc obtained in vivo in
fresh water turtles by Lutz ct al. [1985}): EEG ampli-
tude decrcased, and LSWs were not present. This dis-
crcpancy may be caused by the complete anoxia to
which turtles were submitted in experiments by Lutz
ct al.

There is cvidence that fresh water [Ultsch and
Jackson, 1982] and salt water [Berkson, 1960; Felger et
al., 1976] turtles can survive during prolonged periods
(wecks and months) in an N, cnvironment. Indeed,
these animals possess an cfficient anacrobic mecha-
nism characterized by increased glycolysis, the deple-
tion of creatine phosphatc stores and a decrease of
ATP consumption [Lutz et al., [985] which cnables the
compensation of the prolonged anoxia, and character-
izes them as ‘facultative anacrobes’. Because of this
mctabolical duality, aquatic turtles do not nced to
breathe regularly when out of the water.

We may assume that the increase in bursting dis-
charges and the later synchronization giving rise to
LSWs arc due to the relative hypoxia and consequent
anacrobiosis. The appearance of these transient
waves during behaviorally inactive periods might be
determined by the decrease in cerebral blood flow,
given that cardiac output is reduced by a decrease in
heart rate [Walker and Berger, 1973]). Ncvertheless, it
is not known whether the compensatory processes
promoting survival during anacrobiosis are present in
land turtles and other reptiles.

Activity remained stable in in vitro brain prepara-
tions in spitc of important pH variations. Neverthe-
less, LSW frequency increased with alkalosis and de-
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crcased with acidosis. These findings arc in agree-
mecnt with data obtained in mammals, including
humans, which statc that cpileptiform discharges and
cortical excitability vary in accordancc with pH var-
iations [Millichap. 1969].

EEG Genesis

Suppression of Na* spikes by TTX causes the
EEG to disappear in spitc of the persistance of po-
tentials gencrated by Ca®* inward currents. This cf-
fect of TTX on the EEG could be due to two mech-
anisms: (1) Na* spikes could participate dircctly in
the genesis of the ficld potentials, and (2) the disap-
pcarance of Na* spikes could determine the disap-
pcarance of synaptic activity through the nondepo-
larization of axon terminals. It has been found that
Na* spikes may contribute to the production of ficld
potentials only if they arc highly synchronized
[Creutzfeldt et al., 1966a]. Therefore, although it
cannot be discarded, it is not likely that TTX could
act through this mechanism. On the other hand, the
contribution of postsynaptic potcntials suggested by
some authors [Eccles, 1951; Bremer, 1958] has been
demonstrated cxperimentally [Jasper and Stefanis,
1965; Creutzfeldt ct al., 1966a, b]. Calcium potcntials
do not determine synaptic activity because they arc
mainly generated in dendrites and do not propagate
through the axon. Obviously, voltage-dependent
Ca’* conductances that trigger neurotransmitter re-
lcasc arc not activated because they require the de-
polarization of the presynaptic terminal determined
by Na* spikes.

The power spectra corresponding to slow mem-
brane potentials in the MC cells coincide in the (.8- to
2.5-Hz maximum power band of the EEG. indicating
that their contribution to EEG genesis is fundamental
comparcd to that of rapid phenomena (Na* spikes).
Apart from postsynaptic potcntials, other slow phe-
nomena could be in the basis of EEG genesis., namely
hypcrpolarizing and depolarizing afterpotentials, slow
Ca** spikes, platcau potentials and long duration hy-
perpolarizations. The 0.3-Hz peak frequency band,
however, docs not coincide with an important band in
the EEG power spectra. In the summation of SMPs of
the ncuronal aggregate, the power of the 0.3-Hz band
would decrease duc to the predominance of faster
potcntials. Likewise, the power increase in the 9- 1o
22-Hz band of the EEG power spectra with respect to
the SMP power spectra might result from the summa-
tion of asynchronic potentials of ncuronal aggregatcs,

which would tend to increase the power of the higher
frequency band.

In addition to the advantages provided by in vitro
preparations - media modifications, mcchanical sta-
bility, casy clectrode positioning — the whole hemi-
sphere has nonc of the disadvantages of slices [sce for
example Schwartzkroin, 1981) or slabs, because most
ncural connections arc preserved intact. Synaptic ac-
tivity was prominent and neurons presented sponta-
ncous firing — which cannot be attributed to injury be-
causc it can last for many hours. Nevertheless, im-
palement and electrode positioning was more difficult
than in slices.

The model proved to be stable for several hours,
probably duc to the high anacrobic brain capacity of
aquatic turtles. The simple atmospheric diffusion of
O, in the medium was sufficicnt to maintain the prep-
aration without rcquiring intravascular perfusion. The
fact that we uscd young specimens with small brains
(measuring about 400 um between the pia and the
cpendymary cpithelium) must have contributed to-
wards this stability.

The in vitro preparation of turtle brains constitutes
a natural model of epilepsy, with spontancous LSWs
which can be corrclated with cellular activity. The
modecl is useful in furthering our undecrstanding of
generation mechanisms and study discharge propaga-
tion in scptocortical circuits — and cventually in oth-
ers. The simultancous study of intraccllular activity
and the EEG might cnable us to approximate the
mcchanisms intervening in complex phenomena such
as kindling, long-term potentiation and basic aspects
of lcarning and memory.
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