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AMPA Receptor Desensitization Predicts the Selective Vulnerability
of Cerebellar Purkinje Cells to Excitotoxicity

James R. Brorson,' Patricia A. Manzolillo, Simon J. Gibbons,22 and Richard J. Miller2
Departments of 'Neurology and 2Pharmacological and Physiological Sciences, The University of Chicago, Chicago,

llinois 60637

Cerebellar Purkinje cells are selectively vulnerable to isch-
emia, although the reasons for this are unknown. In cul-
tured embryonic rat cerebellar neurons, the steady state
responses to the desensitizing agonist AMPA relative to
responses to the nondesensitizing agonist kainate were
greater in Purkinje cells compared to other cells, as mea-
sured by whole cell voltage clamp studies. Fluorimetric
[Ca%*], imaging experiments similarly found greater re-
sponses to AMPA relative to kainate in Purkinje cells than
in other cerebellar neurons. In toxicity experiments mea-
suring cell survival 24 hr following agonist exposure,
AMPA and glutamate produced Ca?*-dependent toxicity
which was selective for the Purkinje cell fraction of the
neurons, whereas kainate produced nonselective toxicity,
and NMDA selectively spared the mature Purkinje cells. Cy-
clothiazide, which inhibits AMPA receptor desensitization,
enhanced steady state current responses to AMPA and in-
creased the toxicity of AMPA. We conclude that the vul-
nerability of cerebellar neurons in culture to glutamate ag-
onist-induced toxicity parallels the magnitude of the steady
state currents produced, and that Purkinje cells may be
selectively vulnerable because they express AMPA recep-
tors which undergo less complete desensitization.

[Key words: glutamate receptors, neurotoxicity, Purkinje
cell, AMPA, kainate, NMDA, cyclothiazide]

Certain populations of neurons in the CNS are preferentially
destroyed by a variety of toxic insults. In particular, among cer-
ebellar neurons Purkinje cells are selectively vuinerable to global
ischemia as well as to certain degenerative conditions. The rea-
son for this selective vulnerability is not well understood. Ex-
citotoxic damage due to glutamate receptor-mediated elevations
in the intracellular free Ca?* concentration ([Ca*],) is thought
to be an important pathophysiological mechanism in neuronal
death following ischemia (Choi, 1990). Some evidence also sug-
gests that disruption of glutamate levels may occur in degener-
ative diseases of the cerebellum in which Purkinje cells are de-
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stroyed (Plaitakis et al., 1984). One postulated reason for dif-
ferential tolerance to excessive glutamate receptor activation is
that the mechanisms for buffering cytoplasmic Ca?* differ from
cell to cell. Indeed, the endogenous expression of high levels of
the cytoplasmic Ca?*-binding protein calbindin D, appears to
confer resistance to excitotoxic death in hippocampal neurons
(Scharfman and Schwartzkroin, 1989). However, Purkinje cells
are alone among cerebellar neurons in expressing calbindin D,
(Sequier et al., 1990), having perhaps the highest calbindin D,g,
content of any neuron in the brain, and yet they are the most
sensitive cerebellar cell to ischemia. Another possible reason for
selective vulnerability among neurons may relate to high ex-
pression of the NMDA receptor, which because of its high Ca?*
permeability is thought to be most important in mediating glu-
tamate-induced excitotoxic death in many neurons. However,
mature cerebellar Purkinje cells are uniquely lacking in expres-
sion of functional NMDA receptors (Audinat et al., 1990; Ro-
senmund et al., 1992). Thus, if glutamate mediates Purkinje cell
death following ischemia, it must do so by activation of receptor
classes other than the NMDA receptor.

Recently it has become clear that some non-NMDA receptors
can also exhibit high Ca?* permeability (Murphy and Miller,
1989; lino et al., 1990; Hollmann et al., 1991). We have shown
that in cultures of cerebellar neurons enriched in Purkinje cells,
a number of the neurons express a-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid (AMPA) receptors which, when ac-
tivated by kainate, allow the direct entry of Ca?* (Brorson et al.,
1992). Furthermore, this Ca?* permeation through AMPA recep-
tors was sufficient to produce substantial delayed toxicity, and
AMPA receptors were more effective in mediating excitotoxicity
than were NMDA receptors in the cerebellar neurons (Brorson
et al., 1994). We postulated that a selective expression of Ca?*-
permeable AMPA receptors by Purkinje cells might lead to a
greater vulnerability to kainate toxicity. This did not prove to be
true, since the percentage of calbindin D, -staining neurons in
the cultures did not change although over one-half of the cells
died following kainate exposure. Thus, the Purkinje cells were
not more vulnerable to kainate than were the other neurons in
these cultures. Based on the ontogeny of the rat cerebellum (Alt-
man and Bayer, 1985a), these other cells are likely to be deep
cerebellar nuclear neurons, basket cells, and stellate cells.

In pathological situations, the endogenous agonist acting on
Purkinje neurons is most likely glutamate. Unlike kainate, glu-
tamate acts upon AMPA receptors to evoke currents which rap-
idly desensitize to steady-state levels far smaller than the peak
currents (Pdtneau and Mayer, 1991). In this sense, AMPA, which
also causes desensitization, is more similar to glutamate in its
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actions upon AMPA receptors than is kainate. Previous work in
cerebellar slices has suggested that unlike kainate, AMPA pro-
duces selective death of Purkinje cells by a delayed, Ca*"-de-
pendent mechanism (Garthwaite and Garthwaite, 1991a; Garth-
waite and Garthwaite, 1991b). In general, the maximal steady
state currents evoked by glutamate or AMPA are small com-
pared to those evoked by kainate. Yet we have previously noted
that the relative size of the steady state current produced by
AMPA varied widely when compared to that evoked by kaipate.
Here we investigate the relationship between the functional char-
acteristics of the expressed AMPA receptors, in particular their
desensitization properties, and the selective vulnerability of Pur-
kinje cells to excitotoxicity mediated by these receptors.

Materials and Methods

Newronal cultures. Cultures of cerebellar neurons from day 16 embryos
were prepared largely as previously described in detail (Brorson et al.,
1991). except that 15 mm HEPES was added to the culture medium.
Trypsin-dissociated neurons were plated on 15 mm round glass cover-
slips and suspended over a feeding glial layer in a serum-free defined
medium (N2.1). These embryonic cerebellar cultures were shown to be
enriched in Purkinje cells. In a similar manner. cultures of dissociated
granule cells were prepared from postnatal day 8 rat pups. plated on
coverslips at 3 X 10° cells/ml, and grown in N2.1 (containing 5 mm
KCl) over a feeding layer of glial cells. The granule cells survived well
into the second week of culture without any additional factors.

Excitotoxiciry assays. Cell death and survival were assayed using the
fluorescent markers fluorescein diacetate and propidium iodide as pre-
viously described (Brorson et al., 1994). After 24 hr treatment with 10%
horse serum (GIBCO) to reduce background staining, the coverslips
were then washed and exposed for 20 min at 37°C in room air to various
agents in saline buffers to which tetrodotoxin (0.5 um) and bicuculline
(20 pM) were added to eliminate indirect synaptic contributions to tox-
icity. The usual saline butfer contained (in mm) NaCl 145, KCI 3, CaCl,
2. MgCl, 1. HEPES 10, glucose 10, pH to 7.4 with NaOH. For NMDA
exposures the MgCl, was omitted and 10 pm glycine added. For Ca*"-
free solutions, CaCl, was omitted and 0.1 mm EGTA was added. After
20 min exposures, the coverslips were again washed, and returned to
incubation in glia-conditioned, serum-free medium. One day later, the
coverslips were washed in buffer, and then exposed for 4 min to fluo-
rescein diacetate (15 pg/ml) and propidium iodide (5 pg/ml). The
stained cells were examined on an epifluorescence microscope at wave-
lengths appropriate for each fluorophore. Living (fluorescein-stained)
and dead (propidium iodide-stained) neurons were counted on adjacent
fields of each coverslip to totals of at least 100, by a blinded evaluator.
The percentage of neurons surviving was determined on three coverslips
tfor each condition in each experiment and this value was divided by
that in parallel controls performed in the same ionic conditions to give
the relative survival,

Cover slips treated in paratlel were also immunostained for calbindin
D, using a monoclonal antibody (Sigma, St. Louis, MO) at a dilution
of 1:20.000, as previously described (Brorson et al., 1991). Cells stain-
ing for calbindin D,,, and those negative for calbindin D,, were counted
1o totals greater than 100 for each condition by a blinded evaluator. The
specific survival of calbindin D, -positive neurons for a given condition
was calculated as the relative survival times the percent calbindin D, -
staining neurons in that condition, divided by the percent calbindin D, -
staining neurons in control-treated cells. The specific survivals of cal-
bindin D, -negative neurons was calculated similarly, using percent cal-
bindin D, -negative neurons. These calculations assume that the agonist
or control treatments do not change the calbindin D,,, staining proper-
ties of those neurons which survive. No qualitative change in the ap-
pearance of calbindin D.,, staining in surviving neurons was notable.
The relative survival, the percent staining for calbindin D,,, and the
specific survivals of calbindin D, -positive and calbindin D, -negative
cells were determined in at least three separate experiments for each
condition, and are expressed in the text and figures as the mean + SEM
of these separate determinations. Differences between absolute survivals
after treatments with various agonists and controls, between percentages
of calbindin D, -staining neurons, and between specific survivals of
calbindin D,,,-positive and catbindin D, -negative neurons were com-
pared using one-way repeated measures ANOVA followed by the Stu-

dent-Newman-Keuls method of pairwise comparisons (SIGMASTAT, Jan-
del Scientific).

Whole-cell patch clamping. Whole-cell patch-clamp measurements of
ligand-gated Ca?* currents were performed by two methods. For rapid-
application, borosilicate glass pipettes (World Precision Instruments,
Inc.) of resistance 2-3 M) were used without tip polishing. The whole
cell capacitance was fully compensated and the series resistance com-
pensated to approximately 50-80%. Cells were accepted for study if a
stable seal formed with a whole cell resistance of at least 100 M{) and
access resistance of less than 10 M{). Cells were held at a membrane
potential of —80 mV and agonists were applied by a rapid perfusion
method as described by Tang et al. (1989). Briefly, a tapered theta-tube
applicator was brought near to the cell and parallel solenoid valves (The
Lee Company, Westbrook, CT) were controlled so as to switch off the
control solution on one side of the theta-tubing simultaneously with the
opening of agonist flow on the other side. Intracellular solutions con-
tained (in mM) CsF 145, and BAPTA 10. pH to 7.2 with CsOH (ATP
was omitted to allow rundown of the voltage gated Ca’* currents). The
extracellular saline buffer was as described above, with tetrodotoxin
(TTX, 0.5 um), and Cd** (100 um) added to further eliminate synaptic
and voltage-gated currents. For NMDA applications, Mg** and Cd**
were omitted and glycine (10 um) added to the buffer. In addition, slow
agonist applications using bath perfusion were utilized to measure li-
gand-gated Ca?* currents, using a Na'-free extracellular butfer in which
N-methyl-p-glucamine (NMDG) replaced all cations except Ca?*, and
an intracellular solution containing NMDG fluoride and 10 mMm BAPTA,
as previously described (Brorson et al., 1992). All experiments were
performed at room temperature. Data were recorded on a PC-based
system using an Axopatch 1D amplifier (Axon Instruments, Foster City,
CA) and acquisition software based on ¢-1.AB 11 (Indec Systems Inc..
Sunnyvale, CA). For currents evoked by bath application, in which
substantial rundown often occurred, AMPA currents were compared
with the mean of flanking responses to kainate. Mean currents or current
ratios in different cell types were compared using two-tailed Student’s
t tests, and are reported in the text as mean * standard error of the
mean.

[Ca~ [ imaging. Digital fluorescence microscopy was used to deter-
mine the correlation between the responses to agonist-evoked rises in
[Ca?*], and immunocytochemical staining for calbindin D, essentially
as previously described (Holzwarth et al.. 1994). Cells were washed
twice with the saline buffer described above and were loaded by in-
cubation with fura-2 acetoxymethyl ester (fura-2AM, 5 um) tor 30 min
at 37°C in saline. Cells were then rinsed and incubated for a further 30
min at 37°C in a dye-free solution. Loading and completeness of dees-
terification were judged by stable fluorescence ratios and by ensuring
adequate emitted fluorescence throughout the experiment for both 340
and 380 nm excitation wavelengths. Coverslips were mounted in a shal-
low chamber over an inverted stage fluorescence microscope (Nikon
Diaphot) and continuously perfused with saline (flow rate 2-3 ml/min).
All drugs were dissolved and delivered in the perfusate, which also
contained 0.5 um TTX. Cells were alternately illuminated with 340/380
nm light from a Xenon source (Oriel) and emitted light was passed
through a 480 nm barrier filter into a Hamamatsu intensified CCD cam-
era. Ratios of sequential 340/380 nm excitation image pairs were cal-
culated and the fluorescence was converted to [Ca’-], using an acqui-
sition system from Universal Imaging. Calibration curves were derived
as previously described using shallow solutions of known Ca?' and
fura-2 concentration (Byron and Villereal, 1989). [Ca®'|, values were
collected approximately every 0.9 sec. so that the peak responses may
have been slightly underestimated. For Na'-free solutions, Na' was
replaced by equimolar N-methyl-D-glucamine and the pH adjusted with
HCI. Mg**-free solutions were made by omitting the MgCl, and adding
10 um glycine.

Materials. Cyclothiazide. the gift of the Lilly Company. was solu-
bilized as a 10 mm stock in ethanol and stored at 4°C. Propidium iodide
was obtained from Aldrich Biochemicals (Milwaukee, WI). CNQX and
AMPA were purchased from Research Biochemicals, Inc. (Natick, MA).
Other agents came from Sigma Chemical Co. (St. Louis, MO).

Results

AMPA receptor desensitization in cerebellar neurons

We studied the desensitization properties of AMPA receptors in
cerebellar neurons in culture. Most of our observations describe
phenotypically mature cultured neurons from embryonic day 16
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Figure 1.

AMPA receptor currents in cerebellar neurons. Application of 100 pM kainate and 30 uM AMPA to whole-cell voltage-clamped cerebellar

neurons, ages 14-28DIV, identified a priori by morphological criteria as non-Purkinje cells (A) or as Purkinje cells (8). Currents evoked by AMPA
exhibited a rapidly desensitizing component, with kainate producing only slight or no desensitization. A number of cells with substantially less
desensitization were found among the Purkinje cells. C, Scatter plot of the ratios of the steady state AMPA current to peak kainate current among

the Purkinje cells {solid squares) and non-Purkinje cells (open circles).

rat cerebella. We have previously shown that in these cultures
nearly one-half of the cells by the third week in vitro develop a
recognizable morphology consisting of a large round soma with
a single primary dendrite, and stain immunocytochemically for
calbindin D,,,, marking them as Purkinje cells (Brorson et al.,
1991). The other cells in these cultures (*‘non-Purkinje cells’’)
are putatively basket, stellate, and deep nuclear cerebellar neu-
rons. Where explicitly stated, some observations were of post-
natal cerebellar cultures, in which the large majority of neurons
are granule cells.

A direct measurement of desensitization requires the compar-
ison of peak to steady state current responses. In order to fully
observe the peak responses of AMPA receptors to desensitizing
agonists, fast application on the order of milliseconds is neces-
sary (Tang et al., 1989; Patneau and Mayer, 1991). This speed
is difficult to obtain in mature neurons with their extensive den-
dritic networks. However, the property most relevant to toxicity
from prolonged exposures to agonist is likely to be the magni-
tude of the residual steady state current. In addition, the relative
magnitude of the steady state current evoked by AMPA to that
evoked by kainate, which produces relatively little desensitiza-
tion, can be used as an indirect measure of the degree of desen-
sitization (Jonas and Sakmann, 1992). We used an agonist ap-
plication method as described by Tang et al. (1989), applied to
whole-cell voltage-clamped neurons cultured from embryonic
rat cerebella. Although we were unable to consistently measure
the peak AMPA currents in the whole-cell mode, this method
allowed a comparison of steady state currents evoked by various
agonists. Effects of a saturating concentration of AMPA, 30 uM,
were compared to those of 100 wM kainate, a nonsaturating con-
centration chosen to avoid extreme whole cell current ampli-
tudes.

In the cultures of embryonic cerebellar neurons, the ratio of
the steady state current evoked by AMPA to the peak current
evoked by kainate was quite variable from cell to cell (Fig. 1).
Using morphological criteria to identify Purkinje cells a priori,
we found in particular that this ratio varied greatly in the Pur-
kinje cells, ranging from 0.04 to 0.89, whereas in the non-Pur-
kinje cells, the relative size of AMPA and kainate currents was

less variable. The mean value of the ratio (steady state AMPA
current divided by the peak kainate current) in morphologically
identified Purkinje cells was 0.32 = 0.06 (n = 18; mean *
SEM), significantly greater than the mean ratio in the non-Pur-
kinje cells, 0.10 = 0.01 (n = 22; p < 0.001) (Fig. 1C. Table
1). Thus, the Purkinje cells had larger steady state responses to
AMPA relative to kainate than did the other cerebellar neurons
in these cultures.

Because the use of morphological criteria to identify Purkinje
cells might be unreliable, we also used a physiological property
to classify the neurons. We, like others (Audinat et al., 1990;
Rosenmund et al., 1992) have found that the mature cultured
Purkinje cells are devoid of NMDA responses, unlike most other
central neurons. In the voltage clamp experiments, a subset of
the studied neurons were also tested for current responses to
NMDA, and classified on this basis (Fig. 2). None of 1l mor-
phologically identified Purkinje cells had any measurable cur-
rents evoked by NMDA, whereas 12 of 13 non-Purkinje cells
expressed NMDA currents (magnitude 0.29 = 0.05 relative to
the 100 um kainate-evoked currents). Thus, this physiological
parameter confirmed the general reliability of the morphological
identification of Purkinje cells. Using only NMDA sensitivity as
the criterion for identification, the NMDA nonresponders (pre-
sumed Purkinje cells) had a mean steady state AMPA-to-peak
kainate current ratio of 0.34 = 0.09 (n = 12), while the NMDA
responders had a mean ratio of 0.10 * 0.02 (n = 12, p = 0.02).
Thus, the results of classification by this physiological property
corroborated the finding that Purkinje cells express greater
steady state AMPA currents relative to the kainate currents.

Although we could not accurately measure the peak AMPA
current to directly judge the degree of desensitization in the
steady state currents, the relative size of the steady state AMPA
current to the peak kainate current apparently reflected the de-
gree of desensitization by AMPA. This was substantiated by the
qualitatively different effects of combining AMPA with kainate.
In the non-Purkinje cells, the addition of AMPA to kainate de-
creased the response compared to kainate alone, whereas in the
Purkinje cells the addition of AMPA to kainate on average in-
creased the steady state current response (Table 1), and always
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Table 1. Whole-cell capacitances, glutamate agonist-evoked currents, and current ratios (mean * SEM) in various cultured cerebellar

cell types, identified morphologically

Capaci-
Age tance KA AMPA KA+AMPA NMDA

Neuron type (DIV) (pF) (pA) (pA) (pA) (pA) AMPA/KA
Purkinje (n = 18) 14-27 56 £ 5 5986 + 767 226 = 679 7748 * 3296 3 x2 0.32 £ 0.06
Non-Purkinje

(n = 22) 14-27 28 = 3 5977 = 915 681 = 138 4747 = 1901 1934 + 479 0.10 £ 0.01*
Immature cerebellar

(n=218) 7 17 =3 769 * 138 100 = 56 396 = 148 198 + 82 0.13 = 0.05
Granule cell”

(n = 6) 12 S+ 1 441 = 35 27 £ 5 145 + 11 139 = 24 0.06 + 0.01*
Nongranule

(n=13) 12-14 7 =1 2790 + 499 533 + 132 1915 + 352 284 + 76 0.19 = 0.02**

Data are peak current responses to kainate (KA, 100 pM) and NMDA (100 pM) and steady state current responses (after 500 msec) to AMPA (30 pM) and

kainate+ AMPA are reported.

< These results exclude one cell with much larger currents of 6645 pA to kainate and 1557 pA to AMPA, inconsistent with its morphological identification as a

granule cell.

* Significantly different from the AMPA/KA ratio in Purkinje cells (Student’s ¢ test, p < 0.05).
** Significantly ditferent from the AMPA/KA ratio in granule cells (Student’s ¢ test, p < 0.001).

increased the measured peak response (Fig. 2). Overall, the ratio
of the steady state current response to AMPA plus kainate di-
vided by that to kainate alone correlated highly from cell to cell
with the ratio of the steady state AMPA current to the kainate
current (R = 0.92, p < 0.001), suggesting that both ratios re-
flected the degree of desensitization of the same set of receptors.

Combinations of various high affinity kainate receptor sub-
units can also respond to AMPA and kainate (Herb et al., 1992).
We found no evidence for responses mediated by these recep-
tors. There were no observable rapidly desensitizing responses
to 100 uM or 10 M kainate (see Figs. 1, 2). The responses to
AMPA exhibited high affinity, saturating at 10-30 um and were
sensitive to block by CNQX at 20 uM (n 6, not shown).
Furthermore, there was no measurable enhancement by concan-
avalin A (0.3 mg/ml for 3 min, n = 4), which preferentially
modulates high affinity kainate receptors (Partin et al., 1993).

The morphological identification of Purkinje cells required
working with mature cultured neurons of at least 14 d in vitro
(DIV), and the measured kainate currents were quite large. In
such cells, good voltage clamping of all the extended processes
was almost certainly not achieved, and it might be that the dif-
ferences between Purkinje cells and non Purkinje cells with re-
spect to the ratios of AMPA current to kainate current was some-
how a result of systematic space-clamping errors. This possibil-
ity was ruled out in several ways.

First, immature neurons (DIV 7), in which less complicated
geometries and much smaller currents made for better space
clamping, were also studied as to the relative magnitudes of
AMPA versus kainate currents, and this ratio was again found
to range widely from 0.02 to 0.47 (n §), in a manner not
correlating with cell size as measured by whole cell capacitance
(Fig. 2C). Thus this variation was expressed early in cultured
life and was probably not merely due to voltage-clamp errors in
larger neurons. Others have reported that Purkinje cells tran-
siently express functional NMDA receptors during development
(Krupa and Crepel, 1990; Rosenmund et al., 1992), and most of
the immature neurons in our cultures, including putative devel-
oping Purkinje cells, expressed some NMDA-evoked current.

Second, we also made use of our previous observation that
many of the neurons express Ca?* currents carried by AMPA

receptors, as measured in Na'-free solutions (Brorson et al.
1992). These currents are much smaller than the Na' currents
induced by AMPA or kainate, and thus produce minimal voltage
errors in the space clamp. For these studies, a slow bath super-
fusion method was used for agonist applications, so that there
was no possibility of current contributions from capacitive com-
pensation errors. Again using a priori morphological identifica-
tion of Purkinje cells, we found that the Ca** currents evoked
by 30 uMm AMPA relative to those evoked by 100 mm kainate
were greater in the Purkinje cells (0.31 = 0.08, n = 1) versus
the non-Purkinje cells (0.12 = 0.03, n = 21, p = 0.01) (Fig.
3). As before, the effects of combining AMPA and kainate were
often qualitatively different in Purkinje cells, where there was
sometimes additivity of effects of AMPA and kainate, as com-
pared to non-Purkinje cells, where the responses to AMPA plus
kainate were decreased compared to kainate alone. The relative
size of the current response to AMPA plus kainate compared to
that of kainate alone again correlated with the ratio of the steady
state AMPA current to the kainate current (R = .70, p < 0.01).

Finally, we used [Ca*'|, imaging techniques to estimate re-
sponses to AMPA, kainate, and NMDA in the cerebellar neurons
from the size of the peak rise in somatic [Ca?"], which they
induced. We followed the [Ca?*], imaging experiments with im-
munocytochemical staining for calbindin D,,, to positively iden-
tify the Purkinje cells in the imaged fields. This method also
showed that the calbindin D, -positive Purkinje cells expressed
a relatively greater response to AMPA with respect to the kain-
ate response than did the non-Purkinje cells (Fig. 4). In calbindin
D,,-positive neurons, the ratio of peak [Ca’' ], values elicited by
AMPA to those elicited by kainate was 0.52 = 0.08 (n 24),
while in calbindin D, -negative neurons, this ratio was (.38 =+
0.05 (n = 76, p < 0.05). Thus again a difference in relative
responses to AMPA and kainate was indicated, in this case by
a method not potentially hindered by the technical limitations of
voltage clamping large neurons. Interestingly, the absolute mag-
nitudes of all of the [Ca?*], responses in the Purkinje cells were
substantially smaller than those in the non-Purkinje cells, al-
though in the voltage-clamp experiments, the current responses
were found to be as large. This may be a reflection of the strong
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Figure 2. AMPA and NMDA receptor currents in cerebellar neurons.
Application of 100 puM kainate, 30 pM AMPA, kainate plus AMPA,
and 100 pM NMDA to whole-cell voltage-clamped neurons. A, Non-
Purkinje neuron in mature culture (DIV20). B, Purkinje neuron in ma-
ture culture (DIV20). C, Immature cerebellar neurons, DIV7. Both cells
were identified as possible immature Purkinje cells by morphology. D,
Cultured cerebellar granule cell, DIVI2.

buffering of entering Ca** by the high calbindin D, levels con-
tained in the Purkinje cells (see Discussion).

We also studied the effects of cyclothiazide (Fig. 3), a com-
pound which blocks desensitization of AMPA receptors (Ya-
mada and Tang, 1993). Cyclothiazide (10 uM) increased the
steady state currents in response to both 30 uM AMPA and 100
pM kainate, by mean factors of 6.9 = 1.4 and 1.7 + 0.1 (n =
7); 100 uMm cyclothiazide had somewhat greater effects on the
current responses to 100 pM AMPA, enhancing them by a mean
factor of 11.0 £ 1.7, and increased the currents evoked by 1000
pM kainate by 1.7 = 0.3 (n = 10). The AMPA currents were
potentiated to the degree that in 100 pM cyclothiazide the steady
state AMPA currents were as large or larger than those evoked
by kainate. These results are qualitatively consistent with those
reported by Partin et al. (1993, 1994) and by Yamada and Tang
(1993), although suggesting somewhat lesser degrees of current
potentiation by cyclothiazide. Steady state AMPA and kainate
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Figure 3. Ligand-gated Ca?* currents in cerebellar neurons and the
effects of cyclothiazide. All cations were replaced by the impermeant
cation NMDG, save for the extracellular Ca’*, and recordings were
performed in TTX (0.5 uM) and Cd** (100 um). Agonists were applied
by bath superfusion at the holding potential of —80 mV, while the cells
were briefly depolarized to O mV every 30 sec. The ligand-gated Ca*'
currents were recorded as changes in the whole cell current. A, Effects
of kainate (KA), AMPA, and combinations of kainate and AMPA in a
Purkinje cell (DIV 21). B, Kainate and AMPA applied to a non-Purkinje
cell (DIV 12). C, Effects of 10 um cyclothiazide on responses to 100
pM kainate and 30 um AMPA (non-Purkinje cell, DIV 14). D, Effects
of 100 pM cyclothiazide on responses to 1000 um kainate and 100 pm
AMPA (non-Purkinje cell, DIV 29).

soopal !’

Imin

currents were always potentiated by cyclothiazide. However,
cells with highly desensitizing AMPA receptors had more de-
sensitization persisting in the presence of cyclothiazide, in that
the ratios of the AMPA current to the kainate current before and
after potentiation by cyclothiazide were correlated. Also, cy-
clothiazide’s potentiation of responses to AMPA plus kainate
correlated with its effect on currents evoked by AMPA alone in
a given cell. Cyclothiazide (10 wMm) had no effect on NMDA
currents (not shown).

The most numerous cell of the cerebellum, the granule cell,
is quite resistant to most toxicities which affect the cerebellum.
Granule cells are not present in the cultures taken from embry-
onic day 16 rat cerebella, which have not yet developed an ex-
ternal granular layer (Altman and Bayer, 1985b). We were in-
terested in also comparing the properties of cerebellar granule
cells to those of the Purkinje cells with respect to glutamate
receptor expression and toxicity. Cerebellar cultures prepared
from postnatal day 8 rat cerebella consisted predominantly of
small round cells, usually with bipolar processes—the typical
morphology of cultured granule cells. A few cells were larger
and triangular, suggesting that they were not granule cells but
more likely basket or stellate cells. There were no cells with the
morphology of Purkinje cells, and no cells stained for calbindin
D, in these cultures. The nongranule cells present had large
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Figure 4. Fluorimetric [Ca*7], imaging in immunocytochemically
identified neurons. A, Traces of the [Ca*~], versus time in two neurons
(DIV 16) from the same microscopic field, subsequently identified im-
munocytochemically as a calbindin D, -negative (upper trace) and a
calbindin D, -positive (lower trace) neuron. Absolute responses in
Na“ -free solution to AMPA (30 pm), kainate (KA, 100 pM), and NMDA
(100 wM) were substantially greater in the calbindin D, -negative neu-
ron (note difference in scale), but the relative size of the response to
AMPA compared to that to kainate was greater in the calbindin D,y -
positive cell. B, Summary of average (*SEM) peak responses to
NMDA and to AMPA relative to kainate (same concentrations). Sig-
nificant differences between calbindin D, -positive and -negative cells
are indicated (*, p < 0.05; **, p < 0.001).
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AMPA and kainate currents, with current magnitudes and
AMPA to kainate current ratios similar to the non-Purkinje cells
in the embryonic cerebellar cultures (Table 1). In the typical
granule cells, the absolute steady state current sizes were much
smaller, being 27 = 5 pA for 30 uM AMPA (n = 6), 441 =+
35 pA for 100 uM kainate (n = 7), and 139 *= 24 pA tfor 100
mmM NMDA (n = 7) (Fig. 2D). The average steady state AMPA
to peak kainate current ratio was 0.06 £ 0.01, significantly less
than that of the Purkinje cells. Thus, like other neurons of the
cerebellum, granule cells differed from Purkinje cells in having
much smaller ratios of the steady state AMPA current to peak
kainate current, as well as displaying currents of lesser magni-
tude.

Selective toxicity produced by glutamate receptor agonists

We studied the delayed toxicity of glutamate agonists on Pur-
kinje neurons in the embryonic cerebellar cultures by applying
agonists for 20 min and assaying for survival relative to parallel
controls after 24 hr. Most of the toxicity assays were performed
on immature cultures (primarily DIV9), since the fraction of
neurons surviving varied substantially after the second week in
culture. Representative results in mature cultures are also de-
scribed below. As we found in a previous study (Brorson et al..
1994), 30 uM AMPA was only moderately toxic to the cultured
cerebellar neurons, reducing cell survival to 81 * 3% of con-
trols (n = 4) (Fig. 5A). The combination of 30 puM AMPA with
100 uMm kainate resulted in relative survival of 55 + 2% (n =
4). In separate experiments, 100 um kainate alone produced cell
survival of 55 = 8% (n = 3). To test whether the amount of
toxicity was related to the desensitization produced by AMPA,
we examined the effect of cyclothiazide on the delayed toxicity.
Cyclothiazide (10 or 100 M) produced a concentration-depen-
dent potentiation of the toxicity of AMPA, with 100 pm cy-
clothiazide rendering AMPA at least as effective as 100 pum
kainate in producing overall toxicity. Thus the toxicity produced
by 20 min exposures to various AMPA receptor agonists par-
alleled the relative magnitudes of the steady state currents which
these agonists produced. The degree of toxicity seemed to relate
inversely to the extent of receptor desensitization.

The toxicity of AMPA was Ca?'-dependent, as it could be
largely blocked by removal of external Ca*' during the 20 min
exposure and for a 5 min period following AMPA exposure (Fig.
5A). This was also true for the toxicity of AMPA plus 10 um
cyclothiazide (100 wm cyclothiazide was not tested in Ca’*-free
solution).

As we reported previously (Brorson et al., 1994), we again
found that kainate was not selectively toxic to the Purkinje cells,
as the percentage of surviving neurons staining for calbindin
D,,. was similar in kainate-treated cells (41 * 6%) to parallel
control cells (41 = 7%, n = 3; note that Fig. 5C displays only
the control values for the AMPA experiments). In contrast to
this nonselective toxicity produced by kainate, the toxicity of
AMPA selectively decreased the percentage of cells staining for
calbindin D,,, (Fig. 5B,C). In cells treated in parallel with those
used for toxicity assays, calbindin D,,, staining revealed 44 *
9% calbindin D,,,-positive cells among those treated with con-
trol solutions, but only 30 * 7% among those treated with 30
M AMPA. This fraction was further reduced, to 26 = 5% and
19 + 6%, by 10 pM and 100 pMm cyclothiazide, respectively.
We calculated the specific survivals of the calbindin D,y -posi-
tive and calbindin D, -negative populations of neurons by com-
paring the overall survival and the percentage of stained cells
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Figure 5. Excitotoxicity in cerebellar neurons. A, Relative survival after treatment for 20 min with 100 pm kainate (KA), with 30 pm AMPA
alone or with the addition of 10 or 100 um cyclothiazide (cv), with 30 um AMPA plus 100 pm kainate, or with glutamate (100 pm, glur) combined
with D-APS (50 pm). All agonists were applied in Na'-based solutions either containing 2 pm Ca’* (solid bars) or in Ca’" -free buffer with a 5
min Ca’*-free wash following agonist removal (stippled bars). B, Staining of cells for calbindin D.,, 24 hr after agonist exposures, under conditions
identical to those described in (A). Scale bars, 20 pm. C, Summary of percentages of cells staining for calbindin D,,, after treatments with various
conditions. Kainate and glutamate+D-AP5 were studied in separate experiments; the control data shown are those for the experiments involving
AMPA. D, Specific survival of calbindin D, -positive and calbindin D, -negative neurons, calculated from the overall survivals and the percentages
staining for calbindin D,,, under agonist-treated and control conditions. E, Toxicity in older cultures, DIV16, of 100 pm glutamate (here without
any D-APS5), 30 pm AMPA, and 100 pm NMDA. (*, significantly different from parallel controls or in the indicated pairwise comparison, p <
0.05).

under each condition with the values for the control conditions AMPA produced selective toxicity to the Purkinje cells relative
(see Materials and Methods). These calculations revealed that to the other cerebellar neurons present in these cultures.

the toxicity of AMPA was restricted to the calbindin D,y -posi- Glutamate is most likely the physiological agonist at the
tive cell fraction, representing the Purkinje cells (Fig. 5D). En- AMPA receptors in the cerebellum. We examined the effects of

hancing the toxicity of AMPA with 10 or 100 pm cyclothiazide glutamate toxicity in a similar manner (Fig. 5A,C,D). In order
or by the addition of 100 pM kainate decreased the relative to focus on the effects of glutamate upon AMPA receptors, it
survival of both the calbindin D, -positive and the calbindin was applied in the presence of 50 pMm D-APS5, a selective antag-
D.,-negative populations, but the difference in survivals be- onist of NMDA receptors. Under these conditions, glutamate
tween these specific populations remained significant. Thus, produced a relative survival of 65 = 3% (n = 4), and reduced
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calbindin D,,, staining to 23 * 4%, compared to 37 £ 9% in
the parallel controls. Again, the calculated survivals of the cal-
bindin D, -positive and of the calbindin D, -negative fractions
suggested that glutamate, like AMPA, was selectively toxic to
the Purkinje cells. The toxicity of glutamate was partially
blocked by removal of extracellular Ca*', leaving 87 * 2%
relative survival.

In the immature cerebellar cultures there was some expression
of functional NMDA receptors by Purkinje cells (Rosenmund et
al., 1992, and see above). Thus, 100 uMm NMDA, applied in the
presence of 10 uM CNQX to eliminate indirect effects upon non-
NMDA receptors, produced moderate toxicity, leaving 84 £ 7%
overall relative survival (not shown). However, unlike AMPA
and glutamate, NMDA did not produce a significant difference
in the specific survivals of the calbindin D,y -positive and the
calbindin D,,,-negative fractions, leaving relative survivals of 74
+ 7 and 92 = 12%, respectively (n = 3. p = 0.27, NS).

We also examined toxicity in mature cultures of cerebellar
Purkinje neurons at ages greater than 2 weeks in culture, by
which time the morphological Purkinje cells had all lost any
expression of NMDA receptors (see above). In these experi-
ments, glutamate was applied without any NMDA antagonist,
approximating the presumed pathophysiological situation of in-
terest. As in the immature cells, AMPA and glutamate again
produced moderate overall toxicity (74 = 2% and 75 * 2%
survivals, respectively; n = 4), whereas the relative survival
after NMDA treatment was insignificantly reduced to 93 = 6%
(n = 4). The toxicity of AMPA and glutamate was again selec-
tive for the calbindin D, -positive cells, with calbindin D,y
staining reduced to 28 = 2% and 31 * 3% respectively, com-
pared 10 52 = 2% in the controls. In contrast, the calbindin D,
staining after NMDA was actually somewhat increased com-
pared to the Mg?'-free controls. Using these results to compute
specific survivals of the calbindin D, -positive and calbindin
D, -negative neurons, there was a highly selective toxicity to
the calbindin D.,,-positive fraction induced by AMPA or glu-
tamate. In contrast, NMDA instead produced a significant dif-
ference in the opposite direction, with specific toxicity to the
calbindin D,,,-negative fraction (Fig. SE). Thus in the mature
cultures the importance of AMPA receptors over NMDA recep-
tors in the selective vulnerability of Purkinje cells was again
clearly shown, and even the nonselective endogenous agonist,
glutamate, produced selective Purkinje cell toxicity.

The vulnerabilities of Purkinje cells to glutamate agonist-in-
duced toxicity contrasted sharply with the insensitivity to these
agonists of granule cells in the postnatal cerebellar cultures. With
similar 20 min exposures, neither 100 uM kainate nor 30 um
AMPA, nor AMPA plus 100 wMm cyclothiazide produced signif-
icant toxicity in postnatal cultured cerebellar neurons (n = 3,
not shown).

Discussion

Although there may be many different reasons for the patterns
of selective neuronal vulnerability seen in various disease states,
when neuronal death is mediated by excessive stimulation of
glutamate receptors, the degree of prolonged activation of the
relevant receptors would seem to be an important determinant.
We have previously shown that cerebellar Purkinje neurons are
relatively insensitive to toxicity induced by NMDA and quite
sensitive to Kainate toxicity (Brorson et al., 1994). Others have
previously shown (Audinat et al.,, 1990; Rosenmund et al.,
1992), and we also report here, that mature cerebellar Purkinje

cells lack functional NMDA receptors, in contrast to their abun-
dant expression of AMPA receptors. We further show that in
contrast to other cerebellar neuronal types, Purkinje cells express
AMPA receptors with a wide range of desensitization properties.
Some cells express steady state AMPA currents with extensive
desensitization compared to the (relatively) nondesensitizing
currents evoked by kainate, while others express relatively large
steady state AMPA currents. Because the degree of cross-desen-
sitization by AMPA of kainate currents correlated closely with
the relative size of the steady state currents evoked by AMPA
alone, the relative magnitude of the steady state AMPA and
kainate currents seems to relate to the desensitization of a com-
mon set of receptors.

A contribution from receptors such as those formed by GluR6
and KA-2, which respond to kainate with a rapidly desensitizing
current but to high concentrations of AMPA with a steady state
current (Herb et al., 1992), might possibly also account for a
relatively large steady state current response to AMPA. Purkinje
cells are known to express both GluR5 and KA-1, but reportedly
not GluR6 nor KA-2 (Wisden and Seeburg, 1993). It is not
known whether these subunits can produce a persistent AMPA-
evoked current. However, such responses, if similar to those re-
sulting from other combinations of kainate receptor subunits,
would be expected to respond only at high concentrations of
AMPA and to be modulated by concanavalin A (Herb et al,,
1992; Partin et al., 1993). In the present studies, there were no
high affinity, rapidly desensitizing responses to kainate, although
it may be that the agonist application speed was not adequate to
observe such responses, which desensitize in milliseconds (Par-
tin et al., 1993). The responses were evoked by AMPA and were
blocked by CNQX at low concentrations, and they were strongly
modulated by cyclothiazide but not by concanavalin A. Thus,
the pharmacological properties suggest that AMPA receptors,
rather than high affinity kainate receptors, contribute most of the
observed current responses.

Other cerebellar neurons, including the mixed population of
presumed deep nuclear, stellate, and basket cells cocultured with
the Purkinje cells as well as granule cells cultured separately,
were found to express AMPA receptors with a greater degree of
desensitization by AMPA. The differences between the Purkinje
cells and the cocultured non-Purkinje cells with respect to
AMPA receptor desensitization were found whether the cell
identification was based on morphology or on the physiological
property of NMDA responsiveness. Furthermore, this difference
was also found in mature neurons by patch-clamp measurements
of the smaller whole cell currents in Na'-free solutions, and
immature neurons with better voltage clamping properties also
displayed a wide range of desensitization to AMPA. Finally, the
result was confirmed by fluorimetric measurements of [Ca** ],
responses. Because of the saturating, nonlinear nature of the re-
lationship between peak [Ca®*], and the rate of Ca’* influx
(Thayer and Miller, 1990; Bleakman et al., 1993), a simple linear
correspondence between the relative magnitudes of [Ca®' ], peaks
induced by AMPA and KA and the relative magnitudes of the
whole cell currents they produced was not expected and was not
found. Nevertheless, like the patch-clamp methods, [Ca’'], mi-
crofluorimetric recordings showed a greater relative response to
AMPA compared to kainate in Purkinje cells than in non-Pur-
kinje cells.

These differences between the cultured Purkinje cells and the
non-Purkinje cells suggested the hypothesis that Purkinje cells
would be more susceptible to toxicity induced by prolonged ex-



posures to desensitizing agonists of non-NMDA receptors. This
was found to be the case, as the toxicity of AMPA or glutamate
was confined to the calbindin D, -positive cell population either
in immature cultures (primarily DIV9) or in more mature cul-
tures (DIV16). In contrast, the nondesensitizing agonist kainate
was equally toxic to either cell fraction. In the mature cultures,
NMDA produced selective toxicity to the non-Purkinje cell frac-
tion, whereas glutamate exhibited substantial toxicity which was
confined to the Purkinje cell fraction. This confirmed that the
physiological agonist was acting not on NMDA receptors but
primarily on AMPA receptors when it induced selective toxicity
to the Purkinje cells. It is also possible that part of the toxic
action of glutamate might take place through activation of me-
tabotropic receptors, which are prominently expressed in Pur-
kinje cells (Yuzaki and Mikoshiba, 1992). This could account
for the incomplete block of glutamate toxicity by removal of
extracellular Ca2*.

The selective toxicity of AMPA to Purkinje cells cannot be
explained merely by a larger number of non-NMDA receptors
or by a greater density of receptors, since the currents activated
by kainate were no greater than in the non-Purkinje cells, al-
though the Purkinje cells were larger in surface area as judged
by the average whole cell capacitance (Table 1). Interestingly,
the increased toxicity of AMPA to the calbindin D, -containing
cells occurred despite the fact that the Purkinje cells had a lower
peak [Ca?*], in response to brief applications of AMPA (Fig. 4),
presumably as a result of the strong buffering of incoming Ca**
by the high concentration of calbindin D,. This result runs
counter to studies of hippocampal cells which have shown re-
sistance to glutamate toxicity in the calbindin D, -containing
neurons (Scharfman and Schwartzkroin, 1989). However, as Du-
binsky (1993) has shown, the neuronal Ca?* buffering capacity
may be overwhelmed over long periods of exposure to glutamate
agonists. The continued rate of ion influx is likely to determine
toxicity, despite cytoplasmic buffering.

Inhibition of desensitization by cyclothiazide and cross de-
sensitization of kainate responses by AMPA were used to ma-
nipulate the degree of AMPA receptor desensitization in the tox-
icity experiments. Cyclothiazide at 10 um substantially en-
hanced AMPA toxicity, and at 100 pM rendered it at least as
great as the toxicity of kainate. The toxicity to both calbindin-
positive and to calbindin-negative neurons was increased by cy-
clothiazide, paralleling its enhancing effects on whole cell cur-
rents evoked by AMPA in both cell types. The addition of
AMPA to kainate increased the specific toxicity to Purkinje cells
but decreased that to non-Purkinje cells relative to kainate alone
(Fig. 5D). This paralleled the different effects on steady state
membrane currents of adding AMPA to kainate in Purkinje cells
and non-Purkinje cells (Table 1). Thus the toxicity induced by
various agents correlated with the steady state membrane cur-
rents which they evoked in various cell types. We infer that the
amount of toxicity related to the degree of desensitization of
AMPA receptors, and that the specific toxicity of AMPA and
glutamate to the Purkinje cell population most likely was a result
of the lesser degrees of desensitization of the AMPA receptors
which these cells expressed.

Others have shown that the toxicity mediated by activation of
AMPA receptors can be modulated by agents that reduce recep-
tor desensitization. Zorumski et al. (1990) showed that in cul-
tured hippocampal neurons, both the steady state current and the
acute neuronal degeneration evoked by quisqualate were in-
creased by the lectin wheat germ agglutinin. May et al. (1993)
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showed that 10 uM cyclothiazide also enhanced toxicity in hip-
pocampal cultures when exposed to AMPA or kainate. Moudy
et al. (1994) found that cyclothiazide increased the toxicity of
glutamate in cultured hippocampal neurons. However, the results
presented here now link differences in desensitization of ex-
pressed AMPA receptors among various neuronal types to se-
lective vulnerability to toxicity.

The structural basis for the resistance of Purkinje cells to re-
ceptor desensitization is likely to relate to differences in receptor
subunit composition resulting from the pattern of expression of
the various flip and flop splice variants of the AMPA subunits,
since different combinations of these subunits have been shown
to exhibit quite different desensitization properties (Sommer et
al., 1990). Coexpression of the flop splice variants of GluR1 and
GluR2 in mammalian cells resulted in highly desensitizing
AMPA receptors, with steady state glutamate current to peak
kainate current ratios of approximately 0.1 (using 300 um glu-
tamate, 300 M kainate), while a combination of the pure flip
forms of GluR1 and 2 produced a ratio of approximately 0.7
(Sommer et al., 1990). Mixtures of flip and flop splice variants
of GluR1 and GluR2 produced intermediate ratios, with an ap-
parently greater influence of GluR2 on desensitization properties
(Sommer et al., 1990; Partin et al., 1994). The splice variant
forms of GluR3 and GluR4 were reported to have an even stron-
ger influence on the desensitization properties of the AMPA re-
ceptors formed from homomeric and heteromeric combinations
with GluR2 (Mosbacher et al., 1994). Purkinje cells have been
reported to express both splice variants of GluR1 and GluR2,
but primarily the flip form of GluR3 with little GluR3 flop ex-
pressed (Sommer et al., 1990; Lambolez et al., 1992). In PCR-
based assays of AMPA receptor subunit expression, we have
found the suggestion of a similar pattern of expression in the
cultured Purkinje cells (P. A. Manzolillo and J. R. Brorson, un-
published results). Although this pattern of mRNA expression
must be confirmed as representing the pattern of expression at
the level of functional receptors as well, the AMPA subunit ex-
pression pattern of Purkinje cells, and in particular the difference
in expression of the flip versus flop forms of GluR3, may ac-
count for the resistance to desensitization of AMPA receptors in
Purkinje cells. The effects of cyclothiazide in our current mea-
surements, in which the cells with more highly desensitizing
AMPA receptors continued to show more persisting desensiti-
zation even in the presence of cyclothiazide, may also be ex-
plained by the subunit expression pattern. In receptors formed
from various combinations of GluR1 and GluR2, Partin et al.
(1994) found that while 100 puM cyclothiazide potentiated the
steady state responses to glutamate of all combinations of sub-
unit splice variants, there remained some desensitization, partic-
ularly in the combination of flop forms. As a result, one might
expect potentiation of toxicity by cyclothiazide in both cells with
greater and cells with lesser degrees of AMPA receptor desen-
sitization, but possibly a persisting difference in toxicity based
on some desensitization occurring despite cyclothiazide. Thus,
cyclothiazide increased the specific toxicity of AMPA in both
Purkinje cells and non-Purkinje cells, maintaining the selectively
greater toxicity in the Purkinje cell fraction (Fig. 5D).

Resistance to desensitization of glutamate receptors may con-
tribute to selective vulnerability in other neurons as well. CA3
and CAl hippocampal pyramidal neurons have been shown to
differ in the degree of desensitization of their AMPA receptors
(Jonas and Sakmann, 1992), and CA3 neurons are more vulner-
able to AMPA toxicity than are CA1 neurons (Garthwaite and
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Garthwaite, 1991a). Motor neurons in spinal cord slice culture
have been found to be selectively vulnerable to toxicity mediated
by non-NMDA receptors (Rothstein et al., 1993), and motor
neurons preferentially express the flip forms of GluR2 and
GluR4 subunits, while expressing both flip and flop forms of
GluR3 (Télle et al., 1993). It is possible that selective death of
motor neurons relates to these differences of AMPA receptor
subunit expression. Such mechanisms may be widely relevant to
patterns of selective vulnerability in the CNS, wherever long-
term exposure to glutamate and non-NMDA receptors are in-
volved.
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