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Abstract GABA, the main inhibitory neurotransmitter
in the central nervous system, exerts its effect by rendering
the postsynaptic GABA , receptors permeable to chloride
ions. Thus, depolarizing or excitatory effects of GABA,
experienced in early postnatal life or in certain regions
and/or conditions of the adult brain, is thought to be
associated with a reversed transmembrane chloride
gradient. However, thereis only limited direct information
about the correlation of the actual excitatory versus
inhibitory effects of GABA and the local chloride distri-
bution. Precipitation of chloride with silver is a potential
way to immobilize and visualize chloride ionsin biological
tissue. We examined the applicability of light microscopic
histochemistry, based on trapping tissue chloride
with silver ions during freeze-substitution or aldehyde
fixation, to visualize the chloride distribution in hippo-
campal slices. The freeze-substitution procedure yielded
better chloride retention while with aldehyde fixation
tissue preservation was more appropriate. Both methods
were qualitative only, had limited applicability to the
superficial 20-30 um of slices, but were able to demon-
strate a reduced extracellular-to-intracellular chloride
gradient in the CA1 pyramidal neurons of the newborn
hippocampus as compared to adult animals. In the
4-aminopyridine model of epilepsy, redistribution of
chloride from extracellular to intracellular space could
also be demonstrated.
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Introduction

A fragile balance between excitation and inhibition,
underlying the normal functioning of the central nervous
system, largely depends on the adjustment of the inhibi-
tory function: small changes in the inhibition can alter
neuronal excitability and lead to malfunctions. Particu-
larly, any decrease in GABAergic inhibition, constituting
20-30% of synapses (Bloom and Iversen 1971), can lead
to neuronal hyperexcitability and seizures (Sloviter
1987; Perreault and Avoli 1991; Mody et al. 1992).
Indeed, epileptic discharges can be induced experimentally
by compromising GABAergic inhibition (Thompson
1989; Horton 1991), but also by enhancing synaptic
excitation in low Mg2* medium (Anderson et al. 1986)
or with aminopyridine derivatives (Szente and Baranyi
1987). Epileptiform activity based on synchronous
GABAergic depolarizations possibly associated with
action potentials have also been reported (Avoli et al.
1996). Since epilepsy is one of the most common neuro-
logic disorders, numerous studies are aimed to characterize
the ionic/molecular mechanisms of GABAergic inhibi-
tion and the differential effect of GABA on its neuronal
targets.

GABA, once released from nerve terminals, exerts an
inhibitory action by binding to its receptors postsynaptically
(Mody et a. 1994) and presynaptically (Zhang and
Jackson 1993), as well. Pharmacologically, two major
groups of GABA receptors can be distinguished.
GABA, receptors are classically defined by their sensi-
tivity to the agonist muscimol and the antagonist bicu-
culline (Macdonald and Olsen 1994). GABAj receptors
can bind the lipophilic GABA analogue baclofen (which
depresses neuronal firing) or can be antagonized by
phaclofen (Krnjevic 1991). GABA receptors insensitive
to both bicuculline and baclofen were termed GABA
receptors (Thompson 1994). The GABA, receptors are
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members of the ligand-gated ion-channel superfamily
which are assembled from the currently known GABA
receptor subunits in a pentamer configuration to form a
functional Cl- channel (Mody et a. 1994). The actual
subunit composition can influence the channel conduc-
tance state, kinetics, and sensitivity to pharmacological
modulators of GABA, receptor function (Sigel et a.
1990; Verdoorn et al. 1990; Mehta and Ticku 1999).
Since al GABA, receptors are permeable to Cl-, their
activation results in large increases in membrane
conductance and strong shunting of excitatory currents
(Bormann et al. 1987). However, activation of GABA
receptors can lead postsynaptically either to hyperpolar-
ization or depolarization depending on the relationship
between the CI- reversal potential (Eg) and the resting
membrane potential (E,,).

Observations revealing that in most neurons Eg, is
consistently either larger or smaller than E,, were
summarized in a general statement that Cl-is not passively
distributed across the membranes (Alvarez-Leefmans
1990). The major mechanisms supporting the Ey,—Eq
driving force for Cl- are the K*, Cl- and the K+, Na,
Cl- cotransport systems as well as the Na*-coupled
CI-/HCO; exchanger (Cala 1990). According to our
present knowledge, the local magnitude of the actively
maintained Cl- transmembrane gradient cannot be calcu-
lated, however, besides its usually inhibitory action,
excitatory GABA effects could also be demonstrated.
Thus, in tissue culture from superior cervical ganglion
the ability of GABA to evoke action potentials was
already demonstrated in 1976 (Obata 1976). More recent
experiments revealed that GABA — specificaly via
GABA, receptors — can evoke excitatory potentials in
the hippocampus. the GABAergic population of hilar
neurons has been shown to synchronize with each other
by reciprocal excitation, in order to deliver a synchro-
nized inhibition to the CA3 pyramidal cells (Michelson
and Wong 1991). It is interesting to relate this result to
findings of Cherubini and co-workers, who described
that GABA exerts an excitatory effect in neonatal CA3
hippocampal neurons, detected as giant depolarizing
potentials, which are supposed to be Cl- dependent
(BenAri et a. 1989; Cherubini et a. 1990). They concluded
that GABA is an excitatory transmitter in the CNS
during the early postnatal period, and exhibits the inhibitory
features only after the 8th day from birth in rats (Cherubini
et al. 1991). According to their explanation, the GABA
depolarization in neonatal neurons might be due to a
modified Cl- gradient across the cell membrane and may
be neither the consequence of the endogenous Zn2*
effect, nor of rewiring of existing neuronal connections
(Ben-Ari and Cherubini 1991). This view gained further
support from recent electrophysiological and in situ
hybridization studies. The introduction of gramicidin
perforated patch electrodes into the studies of GABA-
mediated responses provided the possibility to correlate
depolarizing/hyperpolarizing effects of GABA with the
true intracellular chloride concentration (Kyrozis and
Reichling 1995). Such studies demonstrated a chloride-

dependent shift from depolarizing to hyperpolarizing
responses to GABA with maturation (Owens et al.
1996), which fits well to the recent demonstration of the
developmental changes in the expression of the K+/Cl-
cotransporter (Riveraet a. 1999).

The ultimate aim of direct visualization of intracellular
chloride concentration in order to correlate it with different
functional states of individual cells or neuronal networks
lead to the development of Cl—-sensitive fluorescent dyes
such as SPQ or MQAE (Verkman 1990; Inoue et al.
1991; Hara et a. 1992). However, due to the still
unresolved problems, such as fast leakage of the indicators
from the cells, the lack of ratiometric measurements, and
the low spatial resolution of the method, the interpre-
tation of the results obtained with the available dyes is
still difficult.

In the present paper, as an aternative approach, we
attempt to apply and test the capacity of the histochemical
methods, based on silver precipitation to fix and visualize
tissue chloride, in obtaining direct information about the
transmembrane chloride distribution of neurons in hippo-
campal slices. We did not expect to be able to follow
changes characteristic for fast transneuronal signaling
since neither the physical (freeze-substitution) nor the
chemical (aldehyde) fixation method of biological tissue
works on a time scale of the millisecond range. Instead,
demonstration of different steady-state distributions or
documentation of changes during long-lasting physiologica
aterations was intended. For this purpose, on the basis
of literature data, the comparison of chloride distribution
in newborn and adult hippocampus seemed to be appro-
priate. In addition, the method was applied to compare the
chloride distribution in normal adult and 4-aminopyridine-
treated hippocampus.

Materials and methods
Hippocampal slice preparation

Hippocampal slices were prepared either from newborn (day 56
postnatal) or adult Wistar rats. Animals were decapitated, their
brains were removed and placed in ice-cold oxygenated bathing
medium, and then both hippocampi were removed. From the
hippocampi, 400-um-thick transverse slices were cut on a “Rotor
Slicer” (D.S.K., Dosaka, Japan) and then slices were kept
submerged at 29°C in a bathing medium containing 124 mM NaCl
(Mallinckrodt Baker, Deventer, The Netherlands), 5 mM KCI
(Merck, Darmstadt, Germany), 1.25 mM NaH,PO, (Merck),
2.0 mM MgSO, (Sigma-Aldrich, Steinheim, Germany), 1.0 mM
CaCl, (Merck), 26 mM NaHCO; (Merck), and 10 mM glucose
(Sigma-Aldrich) saturated with O,/CO, (95%/5%), giving a pH of
7.4. These experiments were performed in accordance with insti-
tutional guidelines for animal experiments and with governmental
laws for animal protection.

Electrophysiologic control of normal
and 4-aminopyridine-treated slices

All the slices from the dissected hippocampi were maintained in
the storage chamber regularly for 60 min. After this period,
randomly selected slices, at least one from each hippocampus,
were transferred to the recording chamber to check their functional



intactness. In the recording chamber (0.8 ml volumetric capacity)
slices were kept at 32°C and superfused at a rate of 10 mi/h with
standard medium (but 2 mM Ca*™), gassed with O,/CO,. The
functional intactness of slices was controlled by recording evoked
extracellular field potentials with glass recording electrodes (3 M
NaCl, 5-10 MQ) for 30 min in the stratum pyramidale and stratum
radiatum of the CA1 region. Recordings were monitored on a
PM 3350 digital oscilloscope (Philips, Eindhoven, The Nether-
lands). Unipolar stimulating electrodes (tungsten in glass, tip
diameter below 50 pm) were placed in the stratum radiatum at the
border of CA3 and CA2 regions. Stimuli (duration of 40 ps) were
given at 0.1 Hz, and the intensity was adjusted such that a population
spike could be recorded at the pyramidal cell layer.

Slices aimed to be used for histochemical characterization of
the chloride distribution during epileptiform activity were also
transferred to the recording chamber after a 60-min recovery period
following slice preparation. Epileptiform activity was induced by
application of 100 pM 4-aminopyridine (Sigma-Aldrich) into the
superfusion medium. Epileptiform events were evoked by single
pulse stimulation of the pyramidal cell layer in area CA3 or the
Schaffer collaterals in area CA3/CA2, and monitored for 30 min
by using the pCLAMP-8 program of Axon Instruments (Foster
City, Cdlif., USA). Spontaneous epileptiform activity was seen in
all treated slices, which were then fixed according to the freeze-
substitution technique.

Chloride trapping during freeze-substitution

Untreated slices from neonatal or adult rats and slices exhibiting
epileptiform activity obtained from adult animals were used for
freeze-substitution. Under oxygenated standard medium, with the
aid of aglass pipette, slices were first gently sandwiched between
two large-holed nylon sieves spaced 400 pm apart and then the
sieves were locked together. The enclosed slices were removed
from the medium using plastic forceps to grab the rim of the
sieves and the excess fluid was gently blotted with tissue paper.
Finally, the slices were quenched in isopentane (Sigma-Aldrich)
cooled with liquid nitrogen to its melting point, quickly trans-
ferred into liquid nitrogen, and kept submerged (regularly not
longer than for 5-10 min) until processed further. Subsequently,
slices were freeze-substituted at —40°C in a 95% acetone
(Mallinckrodt Baker) solution saturated with silver nitrate
(Merck; 1.9%) for 3 days, which was followed by a wash in 1%
nitric acid (Mallinckrodt Baker) in 95% acetone for 2 h (—40°C)
to remove silver salts other than chloride (Van Harreveld 1966).
Thereafter, slices were osmicated for 2 h [2% osmic acid (Sigma-
Aldrich) dissolved in 95% acetone, —40°C], dehydrated in three
steps in 100% acetone (—40°C 1 h, 4°C 1 h, room temperature
1 h), and under acetone were removed from the bracketing sieves.
Finally, samples were processed through propylene oxide (Serva,
Heidelberg, Germany) at room temperature (three changes, 5 min
each) and embedded in Spurr’s resin (Plano, Wetzlar, Germany;
Spurr 1969).

Chloride trapping during aldehyde fixation

Untreated slices from neonatal and adult rats were selected for
combined chloride trapping and aldehyde fixation. Slices were
removed from the oxygenated medium using a glass pipette, gently
mounted on a spatula, and the excess fluid was quickly removed
from the intimate vicinity of the slices using thin strips of tissue
paper. Slices were then put into the unbuffered fixative [2.5%
AgNO,;, 2.5% glutaraldehyde (Polysciences, Warrington, Pa,
USA), 4°C, pH ca 5-5.5] and kept in the same fixative for 24 h at
4°C in total darkness. After fixation, slices wererinsed in distilled
water, then washed in 1% HNO; (in distilled water) for 2 h at 4°C,
rinsed again in distilled water, and osmicated (1% OsO, in
distilled water) for 2 h at 4°C followed by a rinse in distilled
water. Finally, slices were dehydrated in a graded series of ethanol
(Mallinckrodt Baker), processed through propylene oxide, and
embedded in Spurr’sresin.
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Light microscopic visualization of silver chloride precipitates

After polymerization, blocks were exposed to high intensity light
for 1 h to reduce silver chloride to yellow-brown subhalides and
then trimmed to the CA1 region. From the blocks semithin
(2.0 pm thick) sections were cut on a Reichert Om-U2 ultramicro-
tome (Reichert, Vienna, Austria). These sections, regardless of
being obtained from the freeze-substituted or the aldehyde-fixed
material, were further treated in the same way. Sections were first
placed on drops of distilled water on glass slides then dried at
56°C for 10 min, to ensure a smooth surface and good adherence.
Well-attached, 1.0-um-thick sections were etched for 2 min in 5%
NaOH (Mallinckrodt Baker) dissolved in a 1:1 mixture of absolute
ethanol and propylene oxide at room temperature (Maxwell 1978),
and rinsed in ethanol followed by distilled water. The exposed
tissue of sections was then treated with a freshly prepared silver
intensification solution made either from the kit of Janssen
(IntenSE M; Olen, Belgium) or Aurion (R-GENT; Wageningen,
The Netherlands) by following the appropriate data sheet instruc-
tions. Finally, sections were counterstained according to Richardson
(1960), coverslipped with DPX mounting medium (Electron
Microscopy Sciences, Fort Washington, Pa., USA), and examined
in a Zeiss Photomicroscope Il light microscope (Oberkochen,
Germany). Prints were made with an Epson Stylus Photo 700 color
printer using the digital imaging system attached to the micro-
scope, consisting of a Sony DXC 950P CCD camera, Flash-
point 128 frame grabber, and Photoshop 5.0 software (Adobe
Systems, San Jose, Calif., USA) running on a Pentium MMX PC
at 166 MHz. Semiquantitative assessment of the density of precipi-
tates over the perikaryonal region and proximal dendritic segments
of CA1 pyramidal cells was performed using Image Pro Plus 4.0
software (Media Cybernetics, Silver Spring, Md., USA). First, the
boundaries of the regions to be analyzed were introduced manually
using the pointing device of the system and then the silver-
containing granules were segmented by subtracting the back-
ground, based on color and contrast differences. Finally, the
proportion of the perikaryonal area covered by the precipitates
was determined by the area measurement function of the program.
For this analysis, from each group to be compared, we selected
five or six neurons with their somata and proximal dendritic
regions equally recognizable.

Specificity control of chloride-trapping procedures

Ultrathin sections (with 25-35 nm thickness) were cut from blocks
obtained both with the freeze-substitution method and the aldehyde
fixation technique, and were mounted on 700-mesh uncoated
copper grids (Plano, Wetzlar, Germany). Samples were used to
analyze the co-distribution of silver and chloride and the composi-
tion of the histochemical reaction products, without any heavy
metal staining, in an electron-filtering electron microscope (Zeiss
CEM 902) equipped with a high sensitivity SIT-DAGE camera
(MTI-66) and a digital TV-image analysis system (IBAS 2.0,
Kontron, Munich, Germany).

Electron spectroscopic imaging (ES)

This technique is an appropriate method to investigate the two-
dimensional distribution of selected elements of the tissue on the
electron microscopic scale (Bauer 1988). For structural imaging
and to screen the sections for precipitates the energy loss value of
250 eV (carbon edge image) was selected. To determine the distri-
bution of silver and chloride in the tissue, images were recorded at
several randomly selected locations. Structural images were first
recorded at the carbon absorption edge and then image pairs were
collected at the specific elemental absorption edges (for chloride
dE=210 eV, for silver dE=430 €V) and below, called background
image (for chloride dE=180 eV, for silver dE=345 eV). To control
for the possibility of detecting false-positive signals due to local
mass effects, in several cases, an indifferent element (calcium)
was also assayed in electron-dense precipitates at the element-



Fig. 1la—d Light microscopic demonstration of chloride distribution
in the CA1 region of hippocampal slices with chloride trapping
during freeze-substitution. a, b Principal cells from newborn
hippocampus. ¢, d Pyramidal cells from adult animal. a, ¢ Survey
images. b, d Pyramidal cells imaged with higher magnification.
Dark brown, dot-like reaction products are easily recognized at
both magnifications. In the newborn rat the dark precipitates are
more homogeneously distributed, and can be equally found over
cytoplasmic and extracellular regions (a, b). Particularly, clustering
of precipitates over the main apical dendrites can be recognized
(b). In the adult animal the precipitates tend to accumulate outside
the principal cells, consequently the main apical dendrites and the
cell bodies appear faintly in the grainy background (c, d). Bar
30 um (&, ¢), 15 um (b, d)

specific ionization edge (dE=355 eV) and below (dE=310 eV).
Images were collected at an instrumental magnification of
20,000-30,000x using 80 kV accelerating voltage, an objective
aperture of 90 pm, a spectrometer entrance aperture of 650 pm,
and a dlit aperture of 8-10 eV. Between 300 and 500 frames were
collected and averaged to achieve a good signal/noise ratio for
every image. Furthermore, a shading correction for uneven illumi-
nation was performed at each dE value using a defocused image as
reference. The difference image (shading corrected “background”
image subtracted from the similarly processed “edge’ image)
resulted in the net distribution pattern of the respective element.
The final elemental distribution pattern was visualized at the
confidence limit determined by the mean +3xSD rule: above this
significance limit each image point was color-coded according to
the actual significance level (starting from red at the mean +3xSD
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and reaching white at mean +6xSD). Below the mean +3xSD
level al pixels were deleted in the net distribution pattern. The
color-coded elemental distribution images were then superim-
posed on the corresponding structural images, recorded, and
inverted at dE=250 eV to check for the correlation between the
local arrangement of the precipitates, visible in the conventional
transmission mode of the microscope, and the specific elemental
contents.

Electron energy loss spectroscopy (EELS)

Sections used for ESI were utilized also for the EELS measure-
ments. Spot analyses were performed on randomly selected
electron-dense precipitates in order to complete the analytical
characterization of the reaction products obtained with the ESI
method. The electron microscopic parameters of such analyses
were: 80 kV accelerating voltage, 85,000 primary magnification,
0.42 ym? analyzed area, 300 um spectrometer entrance aperture,
90 pm objective aperture, and 2 €V dlit width. All spectra were
recorded with a photomultiplier tube installed into the photocamera
chamber of the electron microscope. The recording ranges were
350-550 eV for silver, 180-260 eV for chloride, and 300-500 eV
for calcium. Dwell time was set to 3 s per channel of 0.5-2.0 eV.
The spectrum recording and evaluation was performed with
the EELS 1.3 program of the image analyzer. Background
subtraction was performed after fitting a curve to points of the
spectrum lying at the lower energy side of the questioned absorp-
tion edge and then the elements were identified by comparing the
shape of the net curve with standard reference spectra (Reimer et
al. 1992).
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Fig. 2a—d Light microscopic demonstration of chloride distri-
bution in the CA1 region of hippocampal slices with chloride
trapping during aldehyde fixation. a, b Principal cells from
newborn hippocampus. ¢, d Pyramidal cells from adult animal.
a, ¢ Survey images. b, d Pyramidal cells imaged with higher
magnification. The dark punctate precipitates are similar to those
obtained with freeze-substitution, although their number seems to
be less as compared to Fig. 1. Due to the better preservation,
tissue features are more easily recognizable with the aldehyde
fixation technique: the main components of the cell bodies
(nucleus, nucleolus, cytoplasm), as well as the main dendrites are
better discernible from the background both in the newborn
(a, b) and the adult hippocampus (c, d). The characteristics of the
distribution of the precipitates, however, are comparable to the
frozen material: in the newborn hippocampus precipitates are
equally visible over the cytoplasm and the extracellular space
(b), while in the adult rat the reaction products tend to delineate
the cell bodies and the apical dendrites (d). Bar 30 um (a, ¢),
15 pm (b, d)

Results

Light microscopic demonstration of tissue chloride
by silver trapping

Light microscopic visualization of chloride distribution
in the nervous tissue was attempted by transforming
tissue chloride to insoluble precipitates with silver ions
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either during physical (fast freezing followed by freeze-
substitution) or chemical (aldehyde immersion) fixation.
Both methods resulted in similar reaction products
which, after further physical intensification, could be
easily and unequivocally recognized under the light
microscope (Figs. 1, 2). After counterstaining, the reaction
products remained invariably visible while structural
features became more apparent (Fig. 7).

For these attempts of chloride localization, transverse
hippocampal slices were used where relevant structures
could be observed close to the surface of the samples.
The simultaneous investigation of large domains of slices
was ensured by using single sections, which (after
oriented embedding) were cut parallel to the surface of
the slices. In such a way an optimal depth range could
be easily found for the characterization of the chloride
distribution, which was regularly not deeper than
30-35 pm, and not closer than 10-15 um to the surface.
Too close to the surface numerous damaged structures
(cell bodies, processes) could be found, due to the
mechanical damage caused by the slice preparation. On
the other hand, in the deeper layers, either the ice crystal
formation made the structure inadequate for anatomical
work (during freeze-substitution), or penetration prob-
lems of the silver ions were encountered (during the
aldehyde fixation) resulting in lower number of pre-
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CHLORIDE DISTRIBUTION

SILVER DISTRIBUTION

Fig. 3a—d Distribution of tissue silver and chloride after the histo-
chemical reaction during freeze-substitution; electron spectroscopic
imaging (ESI) analysis. Unstained ultrathin (thickness <35 nm)
sections, obtained from an adult animal, were imaged at the carbon
absorption edge (dE=250 eV) then inverted to yield an image
resembling conventional bright-field pictures (c). From the tissue
mainly the membrane constituents can be recognized besides the
electron-dense reaction products, which are confined between the
membrane lamellae (c). The ESI analysis proved that significant
silver and chloride signals were obtained only at the positions of
the electron-dense precipitates (a, b). The distribution of the
significant signal for both elements (color coded from red to yellow
to white) coincides with each other, as well as with the distribution
of the black precipitates themselves. Similar analysis of an in-
different element (calcium) of the same area yielded only non-
significant background noise (d). Bar 0.2 um

cipitates in deeper layers. Within the optimal range,
however, the two methods yielded comparable distribu-
tion patterns (see, for example, Fig. 1b versus Fig. 2b
and Fig. 1d versus Fig. 2d), though the number of
deposits seemed to be somewhat less in aldehyde-fixed
material.

The composition of the reaction products was deter-
mined by means of spot EELS analysis in the electron
microscope, which reveadled the presence of only
silver and chloride in the precipitates. Since the two-
dimensional distribution analysis (ESI) proved that
these constituents were present only in the precipitates,
we concluded that the distribution of precipitates
represented that of tissue chloride after the fixation
(Figs. 3, 4, 5, 6).
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Fig. 4a—d Composition of electron-dense precipitates obtained
with freeze-substitution; electron energy loss spectroscopy (EELS)
analysis. Spectrum segments around the absorption edges of silver
(a, b) and chloride (c, d) are shown before (a, ¢) and after (b, d)
background subtraction. By comparison with standard curves the
Cl-L, 5 (AE;,,=197.5 eV) and the Ag-M,, 5 (AE;,,=370 €V) absorp-
tion edges could be identified. With similar spot analysis no other
elements were detected in the electron-dense precipitates

Function-dependent chloride distribution
in hippocampal slices

To test the capability of the procedures described, we
applied the chloride-trapping method to hippocampal
dlices in which, on the basis of literature data, different
chloride distribution patterns should be expected (see,
for example, Ben-Ari et a. 1989; Cherubini et al. 1990).
We tried to find conditions when probably different
steady-state distributions exist for a sufficiently long
period, such that the duration of the fixation does not
introduce a serious limitation. Thus, we decided to
compare the chloride distribution in the CA1 region of
newborn and adult hippocampi, as well as to detect
changes induced by epileptiform activity.

In the newborn hippocampus we could detect numerous
deposits over the cytoplasm of the CA1 pyramidal cells
and in the extracellular space as well, both after freeze-
substitution and aldehyde fixation (Figs. 1b, 2b). In the
adult animals the majority of the precipitates was local-
ized in the extracellular compartments (Figs. 1d, 2d)
which indicates a higher gradient of chloride across the
plasma membrane in the adult. Particularly, in the cyto-
plasm of adult CA1 pyramidal cells in aldehyde-fixed
material we could hardly detect single deposits (Fig. 2d).
This might correspond to the observation that generally
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lower numbers of precipitates were encountered after
aldehyde fixation in comparison to the freeze-substituted
material.

Although visually there seems to be a striking differ-
ence between the precipitate density over the pyramidal
cells bodies of newborn and adult animals with both
preparation methods (Figs. 1, 2), we also estimated
the relative amount of precipitates numerically. For this
purpose we selected five or six pyramidal cells from
each of four groups (newborn and adult animals with
freeze-substitution, as well as newborn and adult animals
with aldehyde fixation) and determined the relative area
of the precipitates in relation to the corresponding cyto-
plasmic area. The comparison of the proportion of the
area covered by the precipitates to the full cytoplasmic
area of newborn and adult pyramidal cells yielded signifi-
cant differences both with freeze substitution [newborn:
10.04+1.56 (SEM)x10-2, adult: 2.36+1.47 (SEM)x10-2,
P<0.02] and adehyde fixation [newborn: 6.95+1.61
(SEM)x10-2, adult: 0.32+0.14 (SEM)x10-2; P<0.01].

In the other experiment (4-aminopyridine model of
epilepsy) we applied only the freeze-substitution technique
to demonstrate the chloride distribution during epilepti-
form activity. The chloride distribution pattern obtained
in the CA1 region of the epileptic hippocampus closely
resembled that of the newborn hippocampus, indicating a
reduced, or reversed transmembrane chloride gradient
under this condition (Fig. 7).

Discussion

We tested the applicability of histochemical methods to
gain information about function-related chloride distribu-
tions in neuronal structures. The silver-trapping procedure
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Fig. 5a—d Distribution of tissue silver and chloride after the histo-
chemical reaction during aldehyde fixation; ES| analysis. Similar
to the freeze-substituted material, unstained ultrathin (thickness
<35 nm) sections, obtained from an adult animal, were imaged at
the carbon absorption edge (dE=250 eV) and then inverted to
yield an image resembling conventional bright-field pictures (c).
From faint to dark gray-colored membrane segments can be recog-
nized with electron-dense reaction products intermingled (c). The
ES| analysis revealed significant silver and chloride signals only
at the positions of the electron-dense precipitates (a, b), The distri-
bution of both elements (color coded from red to yellow to white)
coincides with each other, as well as with the pattern of the black
precipitates. Similar analysis of calcium distribution of the
same area yielded only non-significant background noise (d). Bar

0.2 ym

resulted in uniform reaction products both with freeze-
substitution and aldehyde fixation. After silver intensifi-
cation, the reaction products were light microscopically
visible and their positions could be associated with identi-
fied tissue compartments. Both freeze-substitution and
adehyde fixation methods made possible the qualitative
description of the chloride distribution in tissue layers
close to the surface of the specimen.

Limitations of the chloride-trapping technique

Silver precipitation of chloride ions during freeze-substitu-
tion has already been used to demonstrate tissue chloride
distributions both on light and electron microscopic
scales (Van Harreveld 1966). While adapting the technique
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Fig. 6a—f Composition of electron-dense precipitates obtained
with the aldehyde fixation technique; EELS analysis. Spectrum
segments around the absorption edges of silver (a, b), chloride
(c, d), and calcium (e, f) are shown before (a, ¢, €) and after (b, d, f)
background subtraction. By comparison with standard curves the
Cl-L, 3 (AE;,,=197.5 eV) and the Ag-M, 5 (AE;,,=370 eV) absorp-
tion edges could be identified. With similar spot analysis neither
calcium (g, f), nor other elements (not shown) were detected in the
electron-dense precipitates

to hippocampal dlices, method-related generic and tissue-
specific problems were equally encountered. Adequate
fixation of tissue morphology and the simultaneous
preservation of the elemental composition/distribution
require cooling of the tissue at extra high speed. The
cooling speed, however, is limited by the low heat
conductance of biological tissue. The development of the
artifacts can be reduced by lowering the temperature of
the cooling material, by using thin samples, and/or by
smashing the tissue with metal mirrors cooled by low
temperature fluids (for example, liquid nitrogen). This
latter technique has been successfully applied to the
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olfactory bulb of adult rats, where the characterization of
the periglomerular cells was intended, since even with
this crude technique the glomeruli remained intact and
recognizable (Siklos et al. 1995). The same procedure,
however, could be applied neither to intact hippocampi
nor to hippocampal slice preparations. By pressing intact
hippocampi to cooled metal surfaces the different principal
layers became intermixed and the original position of the
cells could not be determined. While the same technique
with hippocampal slices did not cause such tissue dislo-
cations, the dlices usually broke to small pieces, which
made the anatomical evaluation impossible. Since we
could not improve the method by reducing the pressure
applied to the metal mirrors even to negligible levels, we
turned to the submerging technique for fast cooling of
the tissue.

To improve tissue preservation during quenching of
the tissue, several precautions have been taken. First, to
avoid heat-insulating bubble formation during freezing,
tissue was immersed into isopentane, cooled close to its
melting point with liquid nitrogen. Secondly, to keep
the conformation of dlices intact they were bracketed
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Fig. 7a, b Altered distribution of tissue chloride in 4-aminopyridine-
treated slices. Pyramidal cells of the CA1 region of an adult
hippocampus is shown, obtained with chloride trapping during
freeze-substitution, before (a) and after (b) counterstaining to
improve the structural identification. Evidently, the counterstaining
does not change the distribution of the reaction products. a, b Tissue
region comparable to Fig. 1d, which demonstrates the normal
chloride distribution obtained with the same fixation method.
Unlike in the normal slice, epileptiform activity results in large
clusters of precipitates over the perikarya particularly in the cyto-
plasm around the nucleus, which is more clearly discernible after
counterstaining (b). At the same time, the number of extracellular
deposits seems to be reduced compared to the control situation,
shown in Fig. 1d

between a pair of nylon sieves spaced just at the thick-
ness of hippocampal slices. This sandwich construction
could also be used for handling the tissue even without
touching its surface. Finally, to reduce the heat capacity
of the sandwich structure, large-holed sieves made from
very thin fibers were selected, which were mounted to
thin Teflon rings of large diameter (5 cm). Thus, at the
vicinity of the dlices, placed at the center of the sieves,
only negligible supporting material was present which
could act as an undesirable heat sink.

Despite all the feasible precautions, freezing of
biological tissue is unavoidably accompanied by artifacts
due to formation of ice crystals. The lower the cooling
rate the larger the size of ice crystals formed. Since the
cooling speed within the tissue during freezing is limited
by the low heat conductance of the tissue, ice crystals of
bigger size develop with increasing distance from the
surface of the sample. Since these crystals destroy the
structure proportionally to their size, depending on the
aimed resolution and the intended quality of the tissue
characterization there is only a narrow range close to the
surface for the microscopic work (Zierold 1982, 1991).

To overcome the freezing artifacts, alternatively,
chemical fixation of the tissue was also tested using the
fixative as the vehicle of the trapping agent, which was
silver in our case. A similar procedure has already been
successfully applied to demonstrate tissue calcium at the
electron microscope (Borgers et al 1977, 1981). Since all
conventionally used buffers resulted in immediate precipi-

tation of silver in the solution, unbuffered fixative was
used resulting in a final pH of 5.0-5.5. Despite such an
acidic pH, good tissue preservation could be achieved,
however, we experienced a reduced penetration of silver
into the deeper tissue layers. On the other hand, in the
superficial 30- to 35-um-thick layer, the main features of
the distribution of the precipitates were similar to those
obtained with freeze-substitution, though a somewhat
lower number of deposits was regularly seen.

Specificity of the histochemical reaction

The overall quality of the tissue preservation did not
allow high precision anatomica investigations on the
ultrastructural level mainly due to the combined adverse
effects of the surface damage of tissue slices during
preparation and the development of freezing artifacts or
the impaired penetration of silver during aldehyde fixation.
Since, however, the histochemical reaction products
could be identified reliably in the electron microscope
and, furthermore, their anatomical relation to main cellular
compartments could be determined, microanalytical
assay of their composition was carried out. To reduce the
artifacts due to multiple electron scattering within the
sample and the disturbing effects of additional elemental
constituents, unstained ultrathin (25-35 nm) sections
were used. With such sections very faint microscopic
images were obtained, which could be studied only at the
carbon absorption edge after video enhancement of the
image, and usually after exercise sessions to learn the
characteristics of the structure. With the combination of
the ESI (Figs. 3, 5) and the spot EELS analysis of the
precipitates (Figs. 4, 6) we could conclude that: (1) the
detectable relevant constituents of the precipitates are
silver and chloride, and that (2) these elements can be
detected only in the reaction products. Thus, the distribu-
tion of the precipitates visible with conventional micro-
scopic methods can be accepted as a representation of
the chloride distribution in the tissue after fixation.
Although the analytical characterization of the silver-
trapping method on a microscopic scale could be carried



out, we could not directly determine its overall chloride
retention efficiency. This type of control would have
required an independent (for example, atomic absorption
spectroscopic; AAS) determination of the chloride content
of the intact tissue (before the histochemical reaction)
and comparison to the chloride concentration after the
reaction finished. Besides the general difficulties of
determining anion concentrations with AAS (Price
1977), the main problem arose from the methodological
similarity of our method and the chloride determination
procedure with analytical atomic absorption: the chloride
determination with AAS is indirect, and also based on
silver precipitation. However, two indirect arguments
can be raised in favor of a high chloride retention
efficiency of the methods described:

1. During freeze-substitution, since the substitution front
is aways saturated with silver ions, the tissue
chloride is trapped, without loss, immediately as the
substitution front advances, supposing that the sub-
stitution time is long enough for the entire volume of
the sample to be substituted. Since we could not find
changes in the pattern of the precipitates by increasing
the substitution time, this latter assumption might
have been valid.

2. Similar distribution pattern could be obtained with the
chemical fixation technique, working with different
tissue—solution interactions. We think, that the
observed lower number of precipitates after aldehyde
fixation was not due to an overall insufficient concen-
tration of silver ionsin the solution. In several experi-
ments, an up to five- and tenfold increase of the
amount of silver in the fixative neither caused a
change in the pattern nor in the amount of the reaction
products in the upper layers of the dlices. Instead, we
think, that due to the limited diffusion speed, alonger
time is needed for the silver ions to reach the central
parts of the sample. Since the comparison of the
methods restricted to the surface layers of the sample
yielded similar distribution patterns, we have not tried
to extend the fixation time with the aldehyde fixation
technique. On the other hand, due to the lower pene-
tration speed of silver ions compared to the aldehyde,
besides a certain loss, chloride redistribution within
the tissue can also be expected during the time of
fixation. It is feasible to think that this shortage of the
method is the smallest in that narrow range just below
the surface of the slices where the penetration is
facilitated by the spongiform structure of the slicesin
this area.

Significance of the revealed chloride distributions

By comparing the chloride distribution in the CA1
region of newborn and adult hippocampal dlices
(Figs. 1, 2) we could arrive at a conclusion which paral-
leled those physiological results which demonstrated that
the shift from excitatory to inhibitory effects of GABA
was accompanied by a change in the transmembrane
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chloride distribution. The direction of this change, from
the reduced gradient in the newborn to a steeper gradient
in the adult, emphasizes the role of Cl- in shaping post-
synaptic consequences of the released GABA, and might
provide additional direct d ata for the interpretation of
theionic basis of the actual GABA effect.

In another test of the capacity of the chloride-trapping
procedure during freeze-substitution we could demon-
strate an atered Cl- gradient in hippocampal CA1l
pyramidal cells following epileptiform activity which
further accentuates the role of the Cl- gradient across
the plasma membrane in the actual effect of GABA.
This finding is in accord with reports on loss of GABA-
mediated inhibition during status epilepticus (Kapur and
Coulter 1995), with the notion of reduced inhibition
during epileptiform activity in vitro (Dingledine and
Gjerstad 1980), as well as with clinical observations of
reduced efficacy of benzodiazepines in the treatment of
enduring partial status epilepticus (Treiman 1990). On
the other hand, there have been reports on operative
GABAergic inhibition during experimental epilepsy,
thus the exact role of the chloride gradient under epileptic
conditions is still questionable (Esclapez et al. 1997,
Prince et al. 1997).

Although the method based on trapping of chloride
ions either during freeze-substitution (or aldehyde fixation)
is only qualitative, it is able to reveal minute changesin
the chloride distribution in the nervous system. Due to
our incomplete knowledge of subcellular events underlying
epileptic activity, future studies are still warranted to
study the ionic mechanisms underlying excitatory versus
inhibitory effects of GABA. These experiments, if they
can be designed to induce long-lasting changes preferably
in in vitro preparations, might be supplemented with the
presented methods to correlate physiological data with
the light microscopic description of the chloride distri-
bution in the same sample.
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