sequences, together with RARA should al-
low a full molecular description of APL.

Note added in proof. Lemmons et al. have
also reported the cloning of the APL break-
point region (31).
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Flip and Flop: A Cell-Specific Functional Switch in
Glutamate-Operated Channels of the CNS

BERND SOMMER,* KARI KEINANEN,*t TODD A. VERDOORN,
WiLLiaM Wi1SDEN, NAIL BURNASHEV, ANNE HERB, MARTIN KOHLER,
TAMAKI TAKAGI, BERT SAKMANN, PETER H. SEEBURGTH

In the central nervous system (CNS), the principal mediators of fast synaptic excitatory
neurotransmission are L-glutamate—gated ion channels that are responsive to the
glutamate agonist a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA).
In each member of a family of four abundant AMPA receptors, a small segment
preceding the predicted fourth transmembrane region has been shown to exist in two
versions with different amino acid sequences. These modules, designated “flip” and
“flop,” are encoded by adjacent exons of the receptor genes and impart different
pharmacological and kinetic properties on currents evoked by L-glutamate or AMPA,
but not those evoked by kainate. For each receptor, the alternatively spliced messenger
RNAs show distinct expression patterns in rat brain, particularly in the CAl and CA3
fields of the hippocampus. These results identify a switch in the molecular and
functional properties of glutamate receptors operated by alternative splicing.

-GLUTAMATE (L-GLU), THE MAJOR
excitatory neurotransmitter in the
mammalian CNS exerts its diverse

effects through pharmacologically distinct
receptors (1). Fast synaptic neurotransmis-
sion is thought to be mainly mediated by
cationic channels intrinsic to AMPA-gated
receptors. Kainate has been suggested to
gate a second subtype of glutamate receptor
mediating fast neurotransmission. Synaptic
transmission mediated by a third receptor
subtype, the N-methyl-p-aspartate (NMDA)
receptor, is characterized by a slow rise
time, voltage-dependent block by Mg?*,
and Ca®>* permeability; these channels in-
duce various forms of activity-dependent
synaptic plasticity such as long-term potenti-
ation (LTP) (2). However, maintenance of
the LTP-associated synaptic enhancement
can require, at least in part, a change in
postsynaptic AMPA receptors (for example,
in the CA1l area of the hippocampus) (2, 3).
We have analyzed by molecular cloning
the family of AMPA receptors in the CNS
(4). These receptors bind AMPA, and their
channels are gated by AMPA, 1-Glu, and
kainate, indicating a blurred distinction be-
tween AMPA and kainate receptors that
varies depending if they are classified by
gating or by ligand binding. The properties
of these receptors are consistent with elec-
trophysiological data from hippocampal
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neurons that suggest that AMPA and kain-
ate act predominantly on the same receptor
(5). We now describe the existence and
function of a second molecular version of
the four AMPA receptors, generated by
alternative splicing.

Molecular cloning and detailed analysis of
cDNAs encoding the AMPA-selective gluta-
mate receptors GluR-A, -B, -C, and -D (4)
revealed that in each receptor a segment of
115 bp exists in one of two sequence ver-
sions. This segment encodes 38 amino acid
residues within a conserved receptor domain
preceding the predicted fourth transmem-
brane region (Fig. 1) and hence is probably
located intracellularly (4, 6). The alternative
versions were named “flip” and “flop,” with
the previously described primary structures
(4) as the flop forms. In each of the recep-
tors, the sequences of the two alternative
segments are very sithilar, and most nucleo-
tide substitutions are silent changes with
respect to the protein sequence. According-
ly, the flip and flop versions of each poly-
peptide differ in only a few (9 to 11) amino
acids, and these substitutions are often con-
servative. A tetrapeptide is consistently dif-
ferent between the two versions of the four
receptors. Neither of the alternative tetra-
peptides conforms to known consensus se-
quences.

The exchange of small homologous do-
mains in four glutamate receptors suggested
that the two receptor versions for each of the
four family members arose from alternative
splicing. Such a mechanism was further im-
plied by high resolution mapping and DNA
sequence analysis of the murine gene for the
GIuR-B receptor. In this gene, the flip and
flop sequences are on adjacent exons, sepa-
rated from each other by an intron of ap-
proximately 900 bp and from their neigh-
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boring exons by similarly sized introns (Fig.
2). All exon-intron junctions display the
consensus structures of splice sites. Dot ma-
trix analysis of the DNA spanning the entire
region (3.5 kb) did not reveal additional
coding sequences related to flip and flop.
These results and the sequence similarity
between GluR-A, -B, -C, and -D, particular-
ly in the domain affected by the module
exchange, indicate that the flip and flop
forms of all four receptors are generated by
alternative splicing. The duplication and
functional specialization of this exon se-
quence apparently preceded in evolution the
expansion of the receptor family.

We found that different functional prop-
erties were imparted by flip and flop mod-
ules. The electrophysiological characteristics
of the different receptor forms were ana-
lyzed (7) in cultured mammalian cells engi-
neered for the transient simultaneous
expression (8) of GluR-A and GluR-B, as
coexpression of two receptors consistently
resulted in larger whole-cell currents (4).
For both flip and flop versions of these
receptors, kainate activated a nondesensitiz-
ing current, whereas L-Glu caused an initial
fast desensitizing current followed by a
steady-state plateau (Fig. 3). The steady-
state currents showed outwardly rectifying
whole-cell current-voltage relations, small
unitary conductance (=1 pS), and gating
properties characterized by a relaxation time
of 5 to 10 ms (7). These properties are very
similar to those of native receptors in cul-
tured neurons (9). Moreover, the nootropic
drug aniracetam potentiated L-Glu— and
AMPA-activated currents, but not those
elicited by kainate. Aniracetam enhances
synaptic currents in rat brain and produces
similar agonist-dependent potentiation of
Glu-gated channels expressed from brain
RNA in Xenopus oocytes (10).

The flip and flop forms differed in their
response to L-Glu and AMPA relative to
kainate (Fig. 3A). Whereas saturating con-
centrations of kainate and L.-Glu (17) evoked
currents with similar amplitudes in cells
expressing the flip versions, kainate-evoked
currents mediated by flop versions were
much larger than those produced by L-Glu,
as described (4). This difference between the
flip and flop channels was observed for both
the desensitizing and steady-state compo-
nents of the current response to L-Glu,
although much faster desensitization of flop

nels four to five times more effectively when
interacting with the flip versions. AMPA
and L-Glu produced similar amplitude dif-
ferences between the flip and flop variants
and similar rapid desensitization. A differ-
ence in the responses of the flip and flop
versions was also seen upon coexpression of

100 AA

GluR-A and GluR-C, indicating that the flip
receptors as a class behave differently from
the flop class.

Our observations confirm that AMPA
and kainate act on a common receptor (1, 5)
and reveal a pharmacological picture more
complex than anticipated. Thus, the proper-

Fig. 1. Comparison of poly- =
peptide sequences in the flip  NH, {THm ——={—COOH
and flop segments of four //
glutamate receptors. The lo- —
cations of four putative A(742-793) A RGP ev. S S b
b . I B(736-787) S GTP Qv N A E
transmembrane regions (I to C(740-791) a GTP o1 N a D
IV) and of the alternative D (737-788) S RTP AV N P D
sequence segment (stippled Flip [DSq]
box) are indicated on tOp Consensus TPKGS—-L~~~VNLAVLKL~E~G~LDKLK~KWWYDKGECG~~~~~SK~KTSAL
. . L b Floj GGGD
AA, amino acids. Th? lines A(742-793) A RNP oL N 3 D
emanating from the stippled B(736-787) S GNA QL N s E
box demarcate the boundary € (740-791) A GNA oL N s b
D(737-788) s GNA oL N s D

of the alternative sequence

in the four receptors. The amino acids (22) that are conserved in both forms of the receptors throughout
the alternative segment are shown in the middle (Consensus). Above and below the dashes all amino
acid substitutions are listed in the flip (above) or flop (below) versions of GluR-A, GluR-B, GluR-C,
and GluR-D. Numbers in parentheses refer to amino acid positions within the mature polypeptides (4).
Boxed residues occur in positions consistently exchanged in all four flip and flop sequences. All amino
acids were predicted from DNA sequence analysis of multiple cDNAs isolated from libraries
constructed in AZAPII (Stratagenc) and Agtl0 from mRNA of rat brain (4). For each glutamate
receptor, approximately half of the cloned cDNAs specified the flip, the other half the flop, sequence.
The complete nucleotide sequences encoding the flop-containing polypeptides are deposited at
EMBL/GenBank under accession numbers M36418 (GluR-A), M36419 (GluR-B), M36420 (GluR-
C), and M36421 (GluR-D) and the corresponding flip versions under M38060 (GluR-A), M38061
(GluR-B), M38062 (GluR-C), and M38063 (GluR-D).

Fig. 2. Flip-flop exon ar-  GTC
rangement of the murine
GluR-B gene. The upper

part depicts linear represen-

tations of ¢cDNA (above)

and gene (below). In the
cDNA, shown from first

(GTC, valine) to last (ATT,
isoleucine) codon for the
mature rat polypeptide of

870 residues (4), regions en- ___

. 3 AAAGTGGGCGGCAACCTGGATTCCAAAGGCTACGGCATCGCCACACCTAAAGGATCCTCA
COdmg putative transmem- 722 LysValGlyGlyAsnLeuAspSerLysGlyTyrGlyIleAlaThrProLysGlySerSer 741
%a;‘laereset)goltxlggtéaxg}chi a(_lIt to TTAAGGTGGGTGGAATAGTATAA (830 bp) ATGTTTTATCGTTTCAAGAAATGCG

er- 742 LeuAr dJAsnalg 745
el

. . o [ )
natlye scqucncc ‘Clcment 1S E GTTAACCTCGCAGTACTAAAACTGAATGAACAAGGCCTGTTGGACAAATTGARAAACAAR
delCth by a Stlpplcd bar. 746 [ValAsnLeuAlavallLeuLysLeuAsnGluGlnGlyLeuLeuAspLysLeuLysAsnLyy 765
Across the latter region, TGGTGGTACGACAA GGCAGC GATTCCAAGGTCAGCCCCCGA
lines (brokcn and continu- 766 [TrpTrpTyrAspLysGlyGluCysGlySerGlyGlyGlyAspSerLys| 781
ous) connect to exons with-
in the cognatc murine gene GAGA (810 bp) TATTTTCCACGTGAAGAACCCCAGTAAATCTTGCAGTATTGAAA

. . ! 744 dThrProValAsnleuAlavalleulyy 752
In this gene, the flip and

i CTCAGIGAGCAAGGCGTCTTAGACAAGCTGAAAAACAAATGGTGGTACGATAAAGGTGAA

flop exons are shown as stip £ 753 [CousercluGlnclyvalLeusplysleulyshonLysTrpTrpTyrAspLysGlyGly 772
pled boxes separated on - =

: . TGTGGAGCCAAGGACTCGGGAAGTAAGGTCAGTTGCTGCAGG (1020 bp) TATATGC
bOth.Sldcs by ntrons. Thc 773 [CysGlyAlaLysAspSerGlySerLys 781
POSlthnS Of several restric-
tion sites (B, Bam HI; H, ATCCTTTAGGAAAAGACCAGTGCCCTCAGTCTGAGCAACGTTGCTGGAGTATTCTACATC
Hind III; Hp, Hpa I; P, Pst 5 782 GluLysThrSerAlaLeuSerLeuSerAsnValAlaGlyvalPheTyrIle 798

> > L] =

I; R, Eco RI), predlcted E CTTGTCGGGGGCCTTGGTTTGGCAATGCTGGTGGCTTTGATTGAGTTCTGTTACAAGTCA -

from DNA sequence analy-

799

LeuValGlyGlyLeuGlyLeuAlaMet LeuvalAlaLeulleGluPheCysTyrLysSer

sis, are marked. The murine

gene was isolated from a genomic library constructed in A-FIX (Stratagene) (23). The DNA sequence of
the depicted gene segment was determined and the sequence of flip and flop exons, portions of the
neighboring exons, and the corresponding intron junctions are shown below the partial gene map. The
amino acid sequences corresponding to flip and flop structures are boxed, the predicted fourth
transmembrane segment is underlined, and all amino acid sequences are numbered according to
positions within the mature rat GluR-B polypeptide (4). The single amino acid substitution between
the rat and murine GluR-B polypeptide in the sequenced region is indicated by a filled circle (position
743, glycine in rat). Consensus intron-exon junctions are stippled, intron lengths are indicated in
parentheses, and three restriction endonuclease sites within the nucleotide sequence are overlined.

versions cannot be ruled out. To quantify
this difference, we compared the amplitude
of the steady-state component of whole-cell
currents elicited by saturating concentra-
tions of kainate, AMPA, and L-Glu (11) and
plotted the amplitude of L-Glu—evoked cur-
rents as a function of the kainate response
amplitude (Fig. 3B). L-Glu activated chan-
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ties of channels with flip or flop modules are
different when gated by r-Glu or AMPA
than when gated by kainate. Further, with -
Glu and AMPA, different current responses
are evoked from receptors that differ only in
the flip-flop domain. This domain exchange
does not substantially affect the ligand bind-
ing properties (4) of these receptors (not
shown). Hence, the flip and flop modules
could be important in determining the cur-
rent responses to L-Glu, the principal excit-
atory neurotransmitter in the CNS.
Additional experiments revealed (Fig.
3C) that, in channels formed by coexpress-
ing GluR-A flip and GluR-B flop, the fast
desensitizing component of r-Glu—evoked
currents is large and thus arises from the
flip-containing GluR-A, whereas the small
sustained current seems to be derived from

A Aflip B flip A flop B flop
KA KA
[ eseemeererr e | =/

ST T

L-Glu L-Glu
ETTmTTTTTIYYY exmmTmTITTTTITY
W
| 50 pA
1s
B
250 -

« Aflip Bflip -

o Aflop B flop 4
2 200 . :
a
3
Q 150
-l
-}
2 w0
o
Q. . -
[]
(-] ., - o o
« S0 .

o o ?
> 5
% 200 400 600
Response to KA (pA)

GluR-B flop (Fig. 3C). In channels com-
posed of GluR-A flop and GluR-B flip, the
fast desensitizing component is that of flop
and the steady-state current component is
mediated by flip. No difference was seen in
the kainate-gated currents of these flip-flop
channels (Fig. 3D). Our results indicate that
native Glu-operated channels may be heter-
omeric assemblies of both receptor subtype
and flip-flop module. In assemblies of two
receptor types, one partner can be dominant
with respect to the fast desensitizing current
component, whereas the other can deter-
mine the steady-state component. Such
dominance does not correlate with module
type.

GluR-A, -B, and -C mRNAs are promi-
nently expressed and widely distributed in
the CNS, whereas GluR-D mRNA has a

C AflipBfiop Aflop B flip
KA KA
IR Ty
ooty
L-Glu L-Glu
Lo o e [emamreermsrne |
L, ~ U
| 100 pA
1s
D
250
a Aflop Bflip
a Aflip B flop
™
&
3
Q@ 150
-
2
2 100
T 5
a0 a
0

0 200 400 600
Response to KA (pA)

Fig. 3. Differential effectiveness of L-Glu (300 pM) and kainate (KA) (300 uM) on flip and flop
versions of recombinant glutamate receptors. (A) Inward currents at —60 mV evoked by rapid
application of 300 pM L-Glu and 300 wM kainate in cells expressing the flip forms (left) and the flop
forms (right) of GluR-A and -B. (B) Scatter plot of the amplitude of steady-state currents clicited by
300 uM L-Glu as a function of the amplitude of currents evoked by 300 M kainate. Responses elicited
by AMPA (30 pM) closely matched those evoked by L-Glu (300 uM) in both receptor forms. Each
point represents a separate experiment in which kainate and L-Glu were applied to the same cell or
cluster of cells. (M) Cells expressing GluR-A and -B flip, () GluR-A and -B flop. Lincar regression
(solid lines) through the origin indicates that the relative potency of L-Glu with respect to kainate is
about four- to fivefold higher in the flip version. (C) Currents evoked by rapid application of 300 uM L-
Glu and 300 pM kainate in cells expressing GluR-A flip and -B flop (left) and GluR-A flop and -B flip
(right). (D) Scatter plot as in (B) from cells expressing (A) A flop and B flip and (A) A flip and B flop.

1582

more restricted expression (4). This distri-
bution was determined with oligonucleotide
probes (pan probes) complementary to se-
quences not affected by the flip and flop
module exchange. By using oligonucleotides
specific for the alternatively spliced versions
of each receptor mRNA (12), we investigat-
ed where and to what extent the exon switch
occurs in the adult rat brain (Fig. 4). The
neuronal populations decorated by the cog-
nate flip- and flop-specific probes together
make up the structures visualized by the
respective pan probes (4). Differences in
signal intensities relative to those of pan
probes reflect the differential stringencies
used for these probes (12). This finding is
best illustrated for GluR-D mRNA: the flip
version is only observed in the cerebellum
(Fig. 4g), whereas in forebrain (Fig. 4h) the
flop version of this mRNA has the same
expression pattern as seen with the pan D
probe (4) but at a reduced signal strength.

The cell-specific nature of the alternative
splice is particularly evident in the hippo-
campus (Fig. 4, 1 to k). The CA3 neurons
synthesize only the flip version of three
glutamate receptors (GluR-A, -B, and -C),
while both mRNA versions of these and of
GluR-D are seen in CAl neurons. Howev-
er, we observed a higher expression of flop
relative to flip species in the dentate gyrus. A
switch in expression between the alternative-
ly spliced mRNAs occurs precisely at the
boundary between the CAl and CA3 areas
(Fig. 5). For GluR-A and -B mRNAs, the
smaller and more densely packed CAl pyra-
midal cells express lower amounts of the flip
versions than the larger, less densely packed
CA3 pyramidal cells. In contrast, CA1 pyra-
midal cells express all flop versions. There
are virtually no silver grains over CA3 pyra-
midal cells hybridized with any flop-specific
probe. However, many putative interneu-
rons in the oriens, pyramidal, and radiatum
layers in both the CAl and CA3 sectors
strongly express flop sequences.

Other CNS regions showing differential
expression of flip and flop modules (Fig. 4)
illustrate the widespread use of the alterna-
tive splice in the rat brain. In the neocortex,
flip versions of the GluR-A, -B, and -C
mRNAs are expressed in a laminated pat-
tern, with high expression in layers II, III,
and VI, while expression of the flop forms is
more uniform. The anterior olfactory nucle-
us expresses predominantly the flip mRNAs,
whereas the granule layer of the olfactory
bulb contains more flop mRNA than flip
mRNA. In the tenia tecta, we saw only
GluR-A and -B flip mRNAs but no flop
sequences. The septal nuclei express GluR-B
flip mRNA at much higher levels than the
respective flop form.

Alternative splicing generates diversity in
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Fig. 4. Regional distribution of the alternatively splicced mRNAs for four
glutamate receptors in rat brain. (a) GluR-A flip mRNA distribution; (b)
GluR-A flop; (¢) GluR-B flip; (d) GluR-B flop; () GluR-C flip; (f) GluR-
C flop; (@) GluR-D flip; (h) GluR-D flop; (I) GluR-B, both mRNA
versions in hippocampus detected with pan B probe (4); (j) GluR-B flip,
hippocampus; (k). GluR-B flop, hippocampus; (j and k) higher magnifica-
tion images of GluR-B flip and GluR-B flop autoradiographs depicted in (c)
and (d). The autoradiographs in (c) and (d) were exposed longer to

28 SEPTEMBER 1990

photographic paper in (j) and (k) to better illustrate the expression gradients.
AO, anterior olfactory nucleus; Cb, cerebellum; CPu, caudate putamen; DG,
dentate gyrus; ECIC, external cortex of the inferior colliculus; GI, glomeru-
lar layer of the olfactory bulb; IGr, internal granular layer of the olfactory
bulb; Par IVIII, parietal cortex (layer II and III); S, septal nuclei; TT, tenia
tecta. Scale bars: (a to h), 5 mm; (i to k), 0.8 mm. Oligonucleotides and
procedures are as in (12).
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Fig. 5. Emulsion autoradiographs showing differential distribution of the
GluR-A flip (A and C) and flop (B and D) mRNAs at the CA1-CA3
pus. Shown are dark-field (upper) and bright-field
(lower) photomicrographs of GluR-A flip- and GluR-A flop—expressing

boundary of rat hip

a variety of genes expressed in the brain,
including those for the mammalian calcito-
nin gene-related peptide precursor (13), mi-
crotubule-associated proteins (14), amyloid
precursor protein (15), and voltage-gated
K* channels in Drosophila (16). However, in
the few examples of alternative splicing in
ligand-gated ion channels (17), no function
could be assigned to the alternative prod-
ucts. In members of the ligand-gated super-
family of genes, channel diversity seems to
be usually achieved by assembling into a
functional receptor different subunits en-
coded by separate genes (18).

The functional characteristics of the two
alternative exons in the four AMPA recep-
tors and the cell-specific expression of both
forms of the receptors suggest an important
role for the splicing-directed channel modi-
fication. The exon switch may underlie
adaptive changes in neurons such as synaptic
plasticity. Our data predict that an insertion
of the flip module into synaptic AMPA
receptors would cause enhanced responses
to L-Glu and, hence, produce a synapse
operating at an increased gain. Indeed, en-
hanced current responses at postsynaptic
AMPA receptors occur after the induction
of LTP in CA1 neurons of the hippocampus
(2, 3). Postsynaptic receptor modification
and full LTP in these cells require a time
delay after stimulation (19), which may re-
flect a signal transduction cascade from cell
membrane to nucleus. This cascade, possxbly
initiated at NMDA receptors by Ca’* cur-
rents and Ca“-dcpcndcnt protein phospho-
rylation (3), could activate splicing factors
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involved in sclcctmg the appropnatc exon.

The conspicuous absence in CA3 pyrami-
dal neurons of receptors containing the flop
cassette may reflect the different synaptic
inputs to the CA1 (Schaffer collaterals) and
CA3 (mossy fibers) areas and suggests dis-
parities in the properties of excitatory chan-
nels in the pyramidal cell populations that
might be revealed by patch clamp analysis in
the hippocampal slice (20).

The cell specificity of the observed splic-
ing events implies that it is developmentally
regulated. Furthermore, this mechanism for
generating functionally modified excitatory
synaptic channels could malfunction. For
example, a perturbed balance between high
and low gain synapses might cause neuronal
injury by inappropriately high and sustained
excitation (21). This injury could contribute
to the etiology of many neuropathological
conditions, from focal epilepsy to neurode-
generative diseases.
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Coding Channels in the Taste System of the Rat

TrOMAS R. ScorT AND BARBARA K. GIzZA

Basic taste qualities are thought to be perceived independently, yet discrete neural
coding channels have not been demonstrated in the central nervous system. The
response profiles of taste cells in the nucleus tractus solitarius (NTS) of the rat were
categorized into four groups, and the effects of amiloride, a passive sodium channel
blocker, on each were determined. NTS neurons that responded specifically to sodium
chloride (NaCl) or to NaCl and sugars were suppressed by amiloride; those broadly
sensitive to salts, acids, and bitter stimuli were unaffected. Moreover, the response
profile evoked by NaCl lost its distinctiveness after treatment with amiloride,
becoming similar to those evoked by acids and quinine. Receptors that respond to
sodium must relay their information through independent coding channels to identifi-
able subgroups of NTS neurons, the activity of which is responsible for the perception

of saltiness.

USTATORY RECEPTORS THROUGH-

out the oral cavity form synapses on

peripheral neurons whose axons
transmit taste-evoked activity to second-or-
der cells in the NTS of the medulla. It is not
known if the taste system is composed of
information channels, each with a specific
coding responsibility, or if all neurons con-
tribute to every afferent signal. Most psy-
chophysicists contend that the basic taste
qualities are perceived independently (1).
Despite a partitioning of peripheral and
central nervous system taste cells based on
several criteria, however (2, 3), electrophysi-
ologists have not demonstrated a corre-
sponding independence among subgroups
of neurons (4).

We have adopted a strategy that appears
to provide a resolution. We have identified
presumed subgroups of cells by their distinct
response profiles. Then we have altered the
significance of a particular chemical to the
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rat in order to determine if the resulting
accommodation in the function of the taste
system is distributed among all cells or is
restricted to the subgroup with sensitivities
that are most relevant to address the new
condition.

Three applications of this approach indi-
cate that the taste system is indeed organized
into a discrete number of"independent cod-
ing channels. First, we created a conditioned
taste aversion to sodium saccharin and mon-
itored its neural effects on second-order taste
cells in the NTS (5). Only cells with “sweet”
response profiles were affected by this expe-
rience. The change in activity was appropri-
ate to address the new situation: the neural
response to formerly appetitive sodium sac-
charin took on a profile more like that of
quinine, providing a neural basis for the
behavioral rejection that rats show to sodi-
um saccharin after the conditioning proce-
dure.

Next, we altered the rat’s physiological
need by Na* deprivation, generating an
intense Na* appetite (6). The response to
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