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The Anterior Piriform Cortex Is Sufficient for Detecting
Depletion of an Indispensable Amino Acid, Showing
Independent Cortical Sensory Function
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Protein synthesis requires a continuous supply of all of the indispensable (essential) amino acids (IAAs). If any IAA is deficient, animals
must obtain the limiting amino acid by diet selection. Sensing of IAA deficiency requires an intact anterior piriform cortex (APC), but
does it act alone? Shortly after rats begin eating an IAA-deficient diet, the meal ends and EPSPs are activated in the APC; from there,
neurons project to feeding circuits; the meal ends within 20 min. Within the APC in vivo, uncharged tRNA activates the general amino acid
control non-derepressing 2 (GCN2) enzyme system increasing phosphorylation of eukaryotic initiation factor (P-eIF2␣), which blocks
general protein synthesis. If this paleocortex is sufficient for sensing IAA depletion, both neuronal activation and P-eIF2␣ should occur
in an isolated APC slice. We used standard techniques for electrophysiology and immunohistochemistry. After rats ate IAA-devoid or
-imbalanced diets, their depleted slices responded to different stimuli with increased EPSP amplitudes. Slices from rats fed a control diet
were bathed in artificial CSF replete with all amino acids with or without the IAA, threonine, or a tRNA synthetase blocker, L-threoninol,
or its inactive isomer, D-threoninol. Thr depletion in vitro increased both EPSP amplitudes and P-eIF2␣. L (but not D)-threoninol also
increased EPSP amplitudes relative to control. Thus, we show independent excitation of the APC with responses parallel to those known
in vivo. These data suggest a novel idea: in addition to classical processing of peripheral sensory input, direct primary sensing may occur
in mammalian cortex.

Introduction
Maintenance of protein synthesis, which is crucial for survival in
metazoans including mammals and birds, requires continuous
availability of all the indispensable (essential) amino acids (IAAs).
With IAA depletion, protein degradation begins rapidly (Kadowaki
and Kanazawa, 2003). Rats detect a diet lacking any of the IAAs
(Harper et al., 1970; Gietzen, 1993; Gietzen et al., 2007a) and reject it
within the first meal (Koehnle et al., 2003). This adaptive response
facilitates selection of a repleting diet (Gietzen and Rogers, 2006;
Gietzen et al., 2007b). Both smell (Leung et al., 1972) and taste
(Markison et al., 1999) have been ruled out as sensors of IAA depletion. Rather, the anterior piriform cortex (APC) is necessary for this
anorectic response (Leung and Rogers, 1971; Beverly et al., 1990).
The question here is whether the APC acts alone in sensing
IAA deficiency, without other neural input. A sensory function
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that originates in the cortex, is processed, and associated with a
behavioral response has not, to our knowledge, been shown for
an area of the cerebral cortex. Such a function could be shown if
the responses of the isolated APC parallel those seen in the intact
animal.
The biochemical responses to an IAA-deficient diet begin
with a decreased concentration of the limiting IAA in the APC
(Koehnle et al., 2004). The subsequent mechanisms for sensing IAA depletion include increased uncharged tRNA, which
activates the general amino acid control non-derepressing
(GCN) system (Hao et al., 2005). Amino acid alcohols compete for acylation of tRNA at the amino acid binding site
(Cassio et al., 1967), increasing the levels of uncharged tRNA.
Microinjection of L-threoninol, or L-leucinol, into the APC
before presenting a control (basal) diet produces an anorectic
response similar to that of an animal exposed to a diet lacking
the respective IAA (Hao et al., 2005). This shows that either
inhibition of, or limiting the substrate for, tRNA acylation can
serve as the initial signal of an IAA deficiency; uncharged
tRNA activates the GCN2 system (Anthony et al., 2001; Wek et
al., 2006). Subsequent phosphorylation by GCN2 yields phosphorylated eukaryotic initiation factor 2␣ (P-eIF2␣), which
blocks protein synthesis at the level of initiation (Gietzen et al.,
2004; Wek et al., 2006). Phosphorylation of eIF2␣ serves as the
biochemical readout for GCN2 activation.
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In vivo electrophysiology has shown increased EPSPs in the
APC of animals fed an IAA-deficient diet (Hasan et al., 1998).
Here, we recorded EPSPs in isolated APC slices, either ex vivo,
from deficient animals or controls, or exposed to threonine
(Thr)-deficient media in vitro. The slices were treated with various media to learn whether these same electrophysiological and
biochemical responses would be seen absent other input, and
whether they are associated with activation of the APC.
The results show totally independent sensory function for the
APC in detecting depletion of the IAA, Thr. This demonstrates
that a primary sensation, serving a homeostatic function of critical survival importance, may be included among the functions of
the cerebral cortex.

Materials and Methods
Ex vivo studies: animals were fed a deficient diet before brain
slice preparation
Animals. Male Sprague Dawley rats (Simonsen Laboratories) weighing
160 –250 g were housed in individual hanging wire cages in a vivarium
(22°C) with a 12 h light/dark cycle. Animal care and maintenance followed the National Institutes of Health guidelines, under a protocol
approved by the Institutional Animal Care and Use Committee. The
animals had ad libitum access to water and food. All animals ate a control
diet for at least a week before receiving one of the experimental diets for
2 h to 20 d, depending on the study.
Diets. The diets have been described in detail (Hammer et al., 1990;
Koehnle et al., 2003). The basal diet (BAS) contained (w/w) 76% carbohydrates (a 2:1 mixture of cornstarch/sucrose), 13% amino acids (Ajinomoto), 5% corn oil (Mazola; Corn Products), 5% minerals, 1% vitamins,
and 0.1% choline chloride. The corrected (COR) diet included increased
amounts of all IAAs. An isoleucine (Ile)-imbalanced (Ile-IMB) diet had
increased amounts of all the IAAs, except for basal levels of Ile. The
threonine-devoid (Thr-DEV), lysine-devoid (Lys-DEV), and histidinedevoid (His-DEV) diet formulations had increased amounts of the remaining IAAs but were devoid of the limiting IAA. In some studies, a 6%
casein diet supplemented with methionine (so that the first limiting IAA
became Thr) was used interchangeably with a Thr BAS diet. When
amounts of the IAAs were altered, the carbohydrate mix was adjusted
reciprocally, and the other ingredients, at levels designed to be fully replete, were unchanged.
For studies of IAA deficiency, any amino acid that is essential (indispensable in the diet) for mammals can be used as the growth-limiting
amino acid, or “limiting IAA” (Harper et al., 1970). The amino acids that
are essential for metazoans are remarkably similar (Gietzen and Rogers,
2006). In vivo feeding studies since the early 1900s have shown that we
can “expect a marked failure in appetite when the diet is completely
devoid of an essential [nitrogenous] component” (Rose, 1931). When
rats eat a diet devoid of, or imbalanced in, an IAA, the concentrations of
the limiting IAA in blood (Leung et al., 1968) and homogenates of the
APC are reliably decreased (Gietzen et al., 1986, 1998; Koehnle et al.,
2004). After the initial introduction of either a Thr-DEV or Leu-DEV
diet, the reduced concentrations of the limiting IAA in the APC become
significant by 21 min (Koehnle et al., 2004). The behavioral response to
the lack of an IAA in the diet and the associated decrease in its concentration within the APC is a rapid termination of the first meal (e.g., within
20 min of exposure to a Thr-DEV diet) (Koehnle et al., 2003; Russell et al.,
2003).
Various IAAs have been used in feeding experiments in animals
(among the many reviews, see Harper et al., 1970; Rogers and Leung,
1973; Gietzen, 1993; Gietzen and Rogers, 2006). Virtually any IAA can be
used as the limiting IAA for such studies, although mitochondrial metabolism can result in some storage of Lys (Benevenga and Blemings,
2007). In examples from our own work, we have used Thr and Ile (Gietzen et al., 1986), plus His (Gietzen et al., 1996), Lys (Hrupka et al., 1999),
Leu (Hao et al., 2005) in the rat, and Trp in Limax (Gietzen et al., 1992).
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Preliminary ex vivo studies used APC slices from rats fed
IAA-depleting diets
For ex vivo studies, animals were given the dietary treatments in vivo, and
then their APC slices were dissected and prepared for electrophysiological recording using the standard techniques detailed below. We had previously shown that norepinephrine (NE) is involved in the responses to
Thr or Ile depletion in the APC (Gietzen et al., 1986). Therefore, in the
first study (total N ⫽ 23), controls were fed a stock pelleted diet (Purina;
Nestle), and the experimental groups were given the His-DEV diet for 1 d
(n ⫽ 3), 5 d (n ⫽ 4), 7 d (n ⫽ 3), or 20 d (n ⫽ 5). Their APC slices were
then tested for the amplitude of their response to NE as a measure of the
excitability of the APC. In the second ex vivo trial, after several days on a
basal diet, the experimental rats were given either an Ile-IMB diet (n ⫽ 4)
or a COR diet (n ⫽ 3) for 2 h; APC excitability was tested in these slices
with input– output curves and the EPSP response to NE, and repletion of
Ile in vivo and ex vivo.
In the third ex vivo study, BAS, COR, Thr-DEV, and Lys-DEV diets
were used, and the slice treatments were amino acids in the media bathing the slices. The six groups (total N ⫽ 37) were assigned according to
DIET/slice treatment as follows: BAS/Thr (n ⫽ 7), COR/Thr (n ⫽ 6),
Thr-DEV/Thr (n ⫽ 6), Thr-DEV/Ser (n ⫽ 8), Lys-DEV/Lys (n ⫽ 4), and
Lys-DEV/Thr (n ⫽ 6).
Brain slice preparation. The rats were decapitated, and their brains
were quickly removed and placed in chilled artificial CSF (aCSF) for ⬃30
s. After careful removal of the dura mater, a transverse cut was made
approximately at the level of the optic chiasm. Using the cut surface of the
anterior portion of the brain as a base, a horizontal cut was made at the
level of the olfactory bulb. The remaining ventral section of the forebrain,
containing the APC, was then glued to an agar block with cyanoacrylate
(Loctite). The tissue was bathed in chilled aCSF that had been equilibrated with carboxygen (95% O2, 5% CO2). Slices (400 m) were cut
from the submerged brain segment using a microtome (Vibroslice;
World Precision Instruments). The slices were made 18° from a true
transverse section, perpendicular to the pial surface, to preserve the integrity of the apical dendrites of the pyramidal cells in layer II and the
deep pyramidal cells (Jung et al., 1990). Four to five slices, rostral to the
closure of the anterior commissure, ⬃3.9 to ⬃1.9 mm rostral to bregma
(Sharp et al., 2006), were retained. Slices were placed into aCSF at room
temperature (24 –26°C), with continuous carboxygen bubbling, to recover for at least 2 h before recording.
The aCSF solution contained the following (in mM): 124.0 NaCl, 3.5
KCl, 2.0 CaCl2, 2.0 MgSO4, 26.0 NaHCO3, 1.3 NaH2PO4, and 11.0
D-glucose. All additives were dissolved in aCSF and prepared ⬃30 min
before their bath application. Threonine (Thr), isoleucine (Ile), and
serine (Ser) were from Ajinomoto; lysine (Lys) free-base and NE were
from Sigma-Aldrich. The standard recording chamber (Fine Science
Tools) had a well volume of 2 ml. Nylon mesh above and below the slice
held it in place, submerged in a carboxygenated aCSF solution maintained at 30.5°C and perfused at a rate of 1 ml/min.
Electrophysiology. Bipolar tungsten stimulating electrodes were visually placed ⬃0.2 mm apart in layer III of the APC, deep to the lateral
olfactory tract (LOT) and layer II. A glass microelectrode (1–3 M⍀)
filled with 3M NaCl was then placed in layer III ⬃0.5 mm lateral to the
recording electrodes. With illumination from below, distinct translucence of the pyramidal cell bodies in layer II aided visual placement of
the electrodes.
Slices were stimulated using 100 s pulses (Acupulser stimulator;
World Precision Instruments) at a constant current necessary to elicit a
half-maximal field potential response. Levels of stimulation ranged from
35 to 65 A. Waveforms were acquired by an Intra767 electrometer
(World Precision Instruments) and amplified by a Grass preamplifier.
Computer software customized with the ASYST programming package
(Asyst Software) was used for recording and measuring the data. One
waveform was collected every 3 min for the duration of the experiment,
averaging the responses to 16 pulses delivered at 10 s intervals.
After establishing a stable baseline, the slice was perfused with a 10 mM
concentration of either Thr, Lys, Ile, or Ser for 30 min or 30 M NE for 20
min. After washout of the added substances, restoration of baseline was
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Table 1. Concentrations of the various substances included in the Thr-devoid
medium, complete amino acid medium, and complete medium containing L- or
D-threoninol
NaCl
KCl
NaH2PO4䡠H2O
MgSO4
NaHCO3
Dextrose
CaCl2
Alanine
Arginine
Asparagine䡠H2O
Cysteine
Glutamine
Glycine
Histidine HCl䡠H2O
Isoleucine
Leucine
Lysine HCl
Methionine
Phenylalanine
Proline
Serine
Tryptophan
Tyrosine
Valine
Threonine
L,D-ThrOH
Total

aCSFThr-DEV (mM)

aCSFcomp (mM)

aCSFL- or D-throl (mM)

112.936
3.487
1.254
2.002
25.949
8.326
2.0
0.022
0.402
0.005
0.01
0.503
0.4
0.2
0.8
0.8
0.898
0.201
0.4
0.067
0.4
0.078
0.397
0.802
—
—
162.339

112.936
3.487
1.254
2.002
25.949
8.326
2.0
0.022
0.402
0.005
0.01
0.503
0.4
0.2
0.8
0.8
0.898
0.201
0.4
0.067
0.4
0.078
0.397
0.802
0.798
—
163.137

112.936
3.487
1.254
2.002
25.949
8.326
2.0
0.022
0.402
0.005
0.01
0.503
0.4
0.2
0.8
0.8
0.898
0.201
0.4
0.067
0.4
0.078
0.397
0.802
0.798
8.179
171.316

The few drops of HCl and or NaCl used in correcting the pH varied and so are not reflected in these values.
Abbreviations: aCSFThr-DEV, Thr-devoid medium; aCSFcomp, complete amino acid medium; aCSFL-throl or aCSFDthrol, complete medium containing L- or D-threoninol, respectively.

obtained in each trial. Slices not exhibiting a stable baseline were omitted
from the data set.
Statistics. Baseline was established by averaging the eight data points
(48 min) immediately preceding each treatment and was used to normalize the data. Experimental values are presented as percentage changes
from baseline, mean ⫾ SEM. Using the Statistical Analysis System (SAS),
version 6.04, we performed ANOVA with post hoc evaluation of differences among treatment groups by least significant difference (LSD) tests
after a significant ( p ⬍ 0.05) ANOVA according to Snedecor and Cochran (1967). Where just two groups were compared, Student’s t test was
used.

In vitro studies: rats were fed a control diet; slices were depleted of
Thr in vitro

Animals. Similar rats (N ⫽ 25) were paired and housed in plastic cages in
the same vivarium conditions as above. Fresh water and either Thr BAS
or a 6% casein diet, described above, were available ad libitum immediately after arrival and for at least 5 d before use. Brains were taken and
slices prepared as described above, except that the control aCSF included
a complete set of both indispensable (IAA) and dispensable amino acids
(aCSFcomp) (Table 1), adapted from Brewer et al. (1993), as used previously (Blais et al., 2003). In this study, Thr was the limiting IAA and
L-threoninol (with D-threoninol as the inactive stereoisomer) was the
blocker of threonyl-tRNA charging.
Electrophysiology. After recovery, one hemislice was placed in the recording chamber as above, bathed in aCSFcomp (2 ml, 29°C). The stimulating electrode was lowered into the LOT. A glass recording electrode
(1.4 –2.4 M⍀) was then lowered into layer III of the APC, medial to the
LOT. In this study, the levels of stimulation were 0.3– 0.6 mA. The averaged evoked potentials were recorded with LabVIEW (National Instruments). After a stable baseline response was established with the slice
bathed in aCSFcomp (60 –90 min), the medium was changed to one of
the following: aCSFcomp (control) (n ⫽ 4), aCSFcomp without Thr

(aCSFThr-DEV) (n ⫽ 11), aCSFcomp plus D-threoninol (aCSFDthrol)
(n ⫽ 4), or aCSFcomp plus L-threoninol (aCSFLthrol) (n ⫽ 6). Averaged
evoked potentials continued to be recorded for 60 –90 min, when the
medium was returned to aCSFcomp and responses were recorded for at
least 180 min to allow a return to baseline.
In vitro media. Media (Table 1) were prepared from a stock solution
(1– 4l) consisting of aCSFcomp minus Thr. Amino acids were from Ajinomoto, Sigma-Aldrich or Fluka. The stock solution was then adjusted to pH ⬃7.4⫾.01 using an Accumet pH meter (Fisher Scientific)
by adding HCl. To obtain aCSFcomp, Thr (Fluka) was added to a
portion of the stock solution. Likewise, to obtain aCSFL-throl or
aCSFD-throl, L- or D-threoninol (Sigma-Aldrich) was added to aCSFcomp. After the addition of L- or D-threoninol, the pH of the medium was again adjusted to ⬃7.4 ⫾ 0.01. To account for the change in
osmolarity as a result of adding HCl, the same molar equivalents of
NaCl were added to the aCSFcomp used in the L- or D-threoninol
experiments.
Statistics for in vitro electrophysiology. Responses are presented as the
percentage change from the baseline averaged evoked potential amplitude (in millivolts) ⫾ SEM. Baseline amplitudes were calculated as the
average of the 10 average evoked potential amplitudes immediately before introducing the test medium. Each response was normalized to its
own baseline amplitude. Normalized responses were calculated as the
average of 10 consecutive average evoked potential amplitudes, beginning 12 min after the medium was switched (sufficient time for the
new medium in the perfusion chamber to become thoroughly mixed),
divided by the baseline amplitude and reported as a percentage
change from baseline. The results for EPSP amplitude attributable to
addition of the aCSFThr-DEV medium were compared with those
attributable to addition of a complete medium (aCSFcomp) using
one-way ANOVA. We compared the results for L-threoninol versus
D-threoninol in the same manner. Responses were considered significant if p ⬍ 0.01. Additionally, the effect of adding L-threoninol to the
bath was determined by Cohen’s d test, in which the difference of the
mean percentage change in EPSP between two experimental groups
was divided by the pooled SD of the two groups. Values for a Cohen’s
“d” effect size ⬎0.8 are considered large, those between 0.8 and 0.5 are
considered moderate, and those ⬍0.5 are considered small effects
(Cohen, 1994).
In vitro slice preparation for Western blotting. Slices were prepared
as described for in vitro electrophysiology above. Each slice provided
two identical APCs for comparison, as the structures are bilaterally
symmetrical. The full slices were bisected along the midline; one side
of each slice was used for the control and the other side for the
experimental treatment. After recovery, the 24 hemislices taken from
12 APCs (three full slices from each of four rats) were incubated in
either aCSFcomp or aCSFThr-DEV. Media included the phosphatase
inhibitor mixtures 1 (p2850) and 2 (p5726) (Sigma-Aldrich). Mixture
1 inhibits the L-isozymes of alkaline phosphatases and Ser/Thr protein
phosphatases (PPs) such as PP1 and PP2A. Mixture 2 inhibits acid
and alkaline phosphatase and tyrosine protein phosphatases. After
incubation for 5 min based on preliminary time course trials and as
recommended by Hou and Klann (2004), the tissue was prepared for
immunoblotting as described previously (Sharp et al., 2002).
We tested phosphoprotein indicators of IAA sensing, as determined in
previous whole-animal studies (Gietzen et al., 2004; Sharp et al., 2004).
To demonstrate activity of the GCN2 kinase, we used the phosphorylated
(P) forms of its substrate, eIF2␣ (Gietzen et al., 2004), and to indicate
activation of the neurons (Sharp et al., 2004), we used phosphorylated
calcium/calmodulin kinase II (P-CaMKII). Western blotting, as described previously (Gietzen et al., 2004), used the following antibodies:
phosphorylated P-eIF2␣ [rabbit polyclonal IgG (P-eIF2␣; phosphorylated on S51); Cell Signaling Technology; diluted 1:1000]; P-CaMKII
[rabbit polyclonal IgG (anti-active CaMKII pT286); Promega; diluted
1:2000]. To determine protein loading in each lane, after scanning for the
phosphoprotein of interest, blots were stained with Coomassie blue dye
and rescanned. Phosphoprotein density absorbancies (relative to the
protein level determined for each band and expressed as relative density
units) provide the outcome data.
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Figure 1. Effects of amino acids on field potential amplitude in slices from rats prefed in vivo.
Threonine added to the slice medium increased EPSP amplitudes only in APC slices from rats
previously fed a Thr-DEV diet. For each amino acid trial, the eight data points (48 min) immediately preceding drug application were averaged and used as a baseline value. Groups, by in
vivo diet/ex vivo slice treatment (BAS/Thr, COR/Thr, Thr-DEV/Thr, Thr-DEV/Ser, Lys-DEV/Lys,
and Lys-DEV/Thr), are indicated on the abscissa. Each trial provided its own baseline control. The
bars represent treatment means, and the vertical lines represent SEM. Treatments having different letters differ significantly ( p ⬍ 0.05).
Statistics for the Western blots. Each value was normalized to the protein measurement for its own gel. To test for differences between the
devoid-treated and control APC hemislices, we used a two-way ANOVA
with replications using slice location and IAA treatment as factors, with
the Data Analysis Toolkit, Microsoft Office Excel 2003, followed by the
LSD test for differences among the treatments, as above. The ␣ level for
significance was set at p ⱕ 0.05.

Results
Ex vivo results: IAA depletion was accomplished in vivo
Both His-DEV and Ile-IMB diets potentiated the APC ex vivo
In the first study, APC slices from the His-DEV diet groups
showed greater EPSP responses to NE than the controls (control,
28.9 ⫾ 1.75%). The increases after His-DEV were as follows: day
1, ⫹7.44%; day 5, ⫹10.9%; day 7, ⫹4.7%; and day 20, ⫹10.2%.
The increases seen for days 1, 5, and 20 of His-DEV feeding were
significant at p ⬍ 0.05. In the smaller Ile-IMB trial, after 2 h on the
IMB diet, the best slice showed that, even after only 2 h, a 10%
increase in the NE response could be seen. Slices from rats that
had been repleted with the COR diet for 2 h returned to control
levels of the response to NE (IMB, 34.6%; vs COR, 24.6%). The
EPSP amplitudes were significantly (26 ⫾ 0.01%; p ⬍ 0.05)
higher for the IMB group (n ⫽ 4) versus the COR group (n ⫽ 3)
in the responses to inputs from 300 to 700 mA. When Ile was
repleted in the medium, even higher output was seen; the average
increase in EPSP amplitude was 27 ⫾ 5%.
Activation of Thr-deficient tissue slices by repletion of Thr in vitro
In the third ex vivo study, when Thr was applied to the slices from
the Thr-DEV diet group, there was a significant (overall F(5,31) ⫽
2.287; p ⬍ 0.05) increase in field potential amplitude to 135 ⫾
10% of baseline (Fig. 1). This result is in line with the Ile-IMB/Ile
result noted above. This excitatory effect occurred ⬃9 min after
bath application of Thr. Field potential amplitudes returned to
baseline values ⬃15 min after the Thr was washed out, showing
full recovery after the IAA treatment. The addition of Thr to slices
from the rats fed either BAS or COR had no effect on field potential amplitude: 115 ⫾ 6 and 105 ⫾ 7% for BAS and COR, respectively. Addition of the dispensable amino acid Ser to Thr-DEV
slices also had no effect on the field potential amplitudes (95 ⫾
15% of baseline), as expected. In contrast to the positive responses of the His-DEV, Ile-IMB, and Thr-DEV slices, there was
no effect seen in slices taken from the Lys-DEV-fed rats (field
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Figure 2. EPSP amplitudes as percentage of baseline over time differ as a function of the in
vitro slice medium. Each waveform (as indicated on the abscissa) represents 16 EPSPs averaged
over 3 min. The arrow is directed at the time the bathing medium was changed to aCSFThr-DEV
(devoid), aCSFL-throl (L-ThrOH), or aCSFcomp (control), as indicated in the legend. The markers
indicate means for EPSP amplitude expressed as a ratio of treatment amplitude/baseline, for
that treatment at that interval.

potential amplitudes were 92 ⫾ 11 and 101 ⫾ 2% of baseline for
Lys and Thr, respectively).
In vitro results: APC slices deprived of Thr in vitro
APC slices are potentiated by Thr deprivation or L-threoninol
in vitro
The isolated APC brain slice was potentiated by changes of the
media that induced either Thr deficiency or deacylated tRNA.
EPSP amplitudes were increased in layer III of the APC in response to the removal of an IAA (aCSFThr-DEV). The increase in
EPSP amplitude attributable to aCSFThr-DEV began within 6
min of changing the medium and peaked after an average of 12
min (Fig. 2). EPSP amplitudes were increased to 112.9 ⫾ 2.1% of
baseline with aCSFThr-DEV (Figs. 2, 3), compared with a change
of 98.7 ⫾ 1.7% of baseline for the control, aCSFcomp (F(1,13) ⫽
14.07; p ⬍ 0.01).
Addition of L-threoninol (aCSFL-throl) to the perfusion medium resulted in an increase of EPSP amplitude to 107.3 ⫾ 2.8%
of baseline (Fig. 3), whereas the biologically inactive isomer of
threoninol (D-threoninol; aCSFD-throl) had no effect (100.1 ⫾
3.1% of baseline). Response to the addition of L-threoninol began
within 3 min and reached a plateau after 9 min. There was a
directional, albeit nonsignificant, effect with L-threoninol (n ⫽ 6)
compared with D-threoninol (n ⫽ 4) (F(1,8) ⫽ 2.88; p ⫽ 0.13).
The response to D-threoninol also did not differ from the response to aCSFcomp (F(1,6) ⫽ 0.13; p ⫽ 0.73). Given the similarity between the two control treatments, aCSFcomp was used as
the control for the response to L-threoninol. In this condition, the
response to L-threoninol approached significance (F(1,8) ⫽ 5.11;
p ⫽ 0.054). Analysis by the more powerful Cohen’s test (Cohen, 1994) revealed a large effect on EPSP amplitude (d ⫽ 1.1)
attributable to L-threoninol. Importantly, the EPSP amplitudes for aCSFThr-DEV and L-threoninol did not differ
(F(1,15) ⫽ 2.47; p ⫽ 0.14).
Location of responsive areas in the APC slices
Positive EPSP responses to Thr depletion were obtained in slices
ranging from 3.9 to 1.9 mm rostral to bregma with the greatest
and most frequent responses obtained from slices that were ⬃2.7
mm rostral to bregma (Fig. 4). This shows the anatomical specificity of the response, and localizes it to layers II and III of the
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Figure 3. A, The average percentage change (from baseline) in EPSP amplitude was computed over a period of 30 min, beginning 12 min after the slice bath was refreshed with each
medium. EPSP amplitudes were increased in the Thr-devoid medium (devoid ⫽ aCSFThr-Dev)
and in the presence of L-threoninol, compared with the complete medium and D-threoninol, the
inactive isomer. Slice media are indicated on the abscissa and are described in Table 1. Different
lowercase letters indicate a significant difference ( p ⬍ 0.01). The difference between
L-threoninol and D-threoninol was analyzed using Cohen’s test for effect size and found to be
large (d ⫽ 1.1). B, Examples of the field potential (EPSP) recordings from the in vitro studies in
the isolated APC for the control (complete ⫽ aCSFcomp), threonine deficient (devoid ⫽
aCSFThr-DEV), and overlay of both (right).

APC, consistent with our earlier immunochemical findings in
tissue taken from rats fed a Thr-DEV diet (Sharp et al., 2006).
Immunoblotting results
In the in vitro brain slice both P-eIF2␣ and P-CaMKII were increased by Thr depletion (Fig. 5). These slices depleted of Thr in
vitro responded similarly to those in APC tissue taken after in vivo
dietary Thr deficiency (Gietzen et al., 2004; Sharp et al., 2004).
One animal’s tissue was deleted from the data set because of
outliers in the control samples for P-eIF2␣; 9 slices yielding 18
APC hemislices remained in the P-eIF2␣ data set. There was no
interaction between slice location and IAA treatment, or statistical difference attributable to the slice location (for location:
F(2,12) ⫽ 1.96, p ⫽ 0.18). The volume densities (normalized to
band protein) for P-eIF2␣ were significantly increased in the
deficient slices (F(1,12) ⫽ 6.04; p ⫽ 0.03). The values for the slices
taken together were as follows: control, 0.47 ⫾ 0.04, and devoid,
0.67 ⫾ 0.07. Taken separately by slice location, just the slices
2.4 –1.6 mm rostral to bregma reached the level of the LSD, showing anatomical specificity for this phosphoprotein as well. The
increases in P-CaMKII were greater; there was no interaction and
no effect of slice location (F(2,18) ⫽ 0.37; p ⫽ 0.70). Normalized
densities for P-CaMKII were as follows: control, 0.39 ⫾ 0.06, and
devoid, 0.93 ⫾ 0.11 (F(1,18) ⫽ 16.85; p ⫽ 0.0006); all three slice
locations showed significant IAA effects according to the LSD.

Discussion
The APC acts alone in sensing depletion of Thr
Here, we show that the APC can function independently of other
neural input in responding to depletion of the IAA, Thr. Both
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Figure 4. Locations of stimulating and recording electrodes, which yielded positive EPSP
increases from baseline with the Thr-devoid medium (aCSFThr-DEV) in the APC slice studies, are
similar to the most active sites found by Sharp et al. (2006). Approximate placements of the
recording electrodes are shown with the corresponding percentage increase from baseline in
EPSP amplitude in Thr deficiency (aCSFThr-DEV) as shown in Figures 2 and 3. Slices were stimulated by an electrode placed in the lateral olfactory tract and EPSPs were recorded from layer III
of the APC. Slice diagrams are arranged in order based on their distance rostral to bregma
(Paxinos and Watson, 1986).

neuronal activation and the biochemical mechanisms that are
involved in responding to IAA depletion, known from in vivo
studies (Hasan et al., 1998; Gietzen et al., 2004; Hao et al., 2005),
are seen in the isolated APC. These results demonstrate that the
APC is not only necessary, as already known (Leung and Rogers,
1971; Rogers and Leung, 1973; Beverly et al., 1990), but sufficient
for the sensory limb of the behavioral responses to depletion of
the IAA, Thr.
APCs from animals depleted of IAA in vivo, and then treated
as slices, can respond to IAAs
The first experiments reported here used animals given the IAAdepleting or control diets for various times before the study. The
Thr-DEV group showed increased EPSP amplitudes with selective in vitro repletion of Thr, APC slices from the HisDEV group
showed significantly greater responses to NE challenge, and the
Ile-IMB slices were potentiated relative to COR and showed an
increased EPSP response to added Ile. We saw the expected
(Harper et al., 1970) control responses (i.e., no difference with
BAS or COR diets, or to a nonlimiting IAA, or to Ser, a nonessential amino acid). That the Lys-Dev group did not respond to
Lys in the medium could be attributable to the metabolism of Lys
in mitochondria, making depletion more difficult to achieve
(Hrupka et al., 1999; Benevenga and Blemings, 2007). It is important that the ex vivo studies demonstrated appropriate responses
to deficiency of three different IAAs in an isolated slice, showing,
as expected (Harper et al., 1970), that the in vitro responses are
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of the response to the removal of Thr. It was; addition of
L-threoninol to the slice preparation did indeed increase EPSP

amplitude.
The removal of Thr from aCSFcomp to prepare aCSFThrDEV and the addition of L-threoninol (for aCSFL-throl) differed
slightly from aCSFcomp in their osmolarity because of the addition of solute to one and the removal of solute from the other.
Since the treatments had the same effect on EPSP amplitude, we
can conclude that these responses were not attributable to osmolarity. The important similarity between the two treatments is
that they each cause an increase in the concentration of uncharged threonyl-tRNA.
Biochemical responses to IAA depletion are seen in vivo and
in vitro
The activation of the “general amino acid control” (i.e., GCN2)
system generalizes to depletion of any IAA (Kimball, 2002). Thus,
the crucial findings from the present in vitro studies are that the
isolated APC slice responds similarly to Thr depletion and to L
(but not D)-threoninol, with both neuronal activation and increased phosphorylation of eIF2␣. There are reports that the
mammalian target of rapamycin (mTOR) responds to amino
acids (Hara et al., 1998); however, we have shown that the mTOR
system has no role in the responses of the APC to IAA deficiency
(Hao et al., 2010). Rather, in vitro depletion of Thr results in
increased P-eIF2␣, indicating increased GCN2 activity in the
APC, as does a Thr-DEV diet (Hao et al., 2005).
Figure 5. Phosphorylated proteins in APC tissue are increased after in vitro incubation with
aCSFcomp (light bars) or aCSFThr-DEV (dark bars) for volume density units (density). Slice
locations (in millimeters rostral to bregma) are indicated on the abscissa. A, P-eIF2␣. B,
P-CaMKII. C, Representative gel segment showing effects of aCSFcomp (left) or aCSFThr-DEV
(right) on phosphoprotein densities, as indicted at the left of the gel segment. Values are bars,
means, and horizontal lines, SE. The asterisks (*) indicate significant differences attributable to
IAA treatment within the slice location ( p ⬍ 0.05) by LSD after a significant overall ANOVA for
this variable. At the bottom of the segment is the Coomassie blue protein, an indicator of equal
loading in the gel.

not selective to any single IAA. This set the stage for the subsequent in vitro studies.
In vitro responses to IAA depletion and repletion parallel
those seen in vivo
Whether the APC requires additional neural, neurochemical, or
hormonal input for activation in IAA deficiency was not known.
Mimicking dietary IAA depletion, although absent any difficulties that might be associated with the blood– brain barrier,
by bathing an isolated APC slice with a medium devoid of an
IAA should cause an increase neuronal activity. The increase
in EPSP amplitude began within the first 6 min of Thr depletion and peaked after ⬃12 min, well before the time at which a
behavioral response is observed. This timing further supports
our hypothesis that activation of the APC is among the earliest
events in the mechanisms underlying the behavioral response.
Similar anorectic behavior, to that seen with an IAA-DEV
diet, was induced in intact rats by microinjecting the APC with
L-threoninol and L-leucinol (Hao et al., 2005), which block the
loading of an amino acid onto its cognate tRNA (Cassio et al.,
1967). This increases the concentration of uncharged tRNA
(Rouget and Chapeville, 1968). Because increasing uncharged
threonyl-tRNA in vivo produces a behavioral response similar
to that seen in rats fed either a Thr- or Leu-devoid diet, we
expected that the in vitro electrophysiological response to an
increase in uncharged threonyl-tRNA would be similar to that

Phosphoproteins in vitro replicate in vivo findings
Because P-eIF2␣ blocks the initiation of translation in general
protein synthesis at the level of initiation (Anthony et al., 2001;
Wek et al., 2006), this increase in excitability is consistent with the
loss of rapidly turning-over inhibitory elements that cannot be
replaced without new protein synthesis. Consistent with this,
the ␤3 subunit of the GABA receptor is downregulated 2 h
after an IAA-imbalanced meal (Truong et al., 2002). Also, the
area of the APC that appears to house the sensor for IAA
deficiency, as shown in Figure 4, here, and in the study by
Sharp et al. (2006), overlaps with the “area tempestas,” which
has limited inhibitory capabilities, making it highly chemosensitive (Ekstrand et al., 2001). An additional depletion of
inhibitory elements could easily exacerbate the activation of
the APC circuitry.
Brain circuits involved in the responses to IAA depletion
The APC receives synaptic input both from the olfactory bulb
and central sources (Shepherd, 1979; Shipley et al., 2008). As
noted above, olfaction is not involved in the recognition of
IAA depletion (Leung et al., 1972). However, central inputs
arrive as well (Shepherd, 1979; Gietzen, 1993; Gietzen et al.,
2007a). Knife cuts around the dorsal medial nucleus of the
hypothalamus (DMN) increased intake of IAA-imbalanced
diets (Bellinger et al., 1999), suggesting that the DMN might
have a role in sensing IAA deficiency. Fibers bearing numerous
neurotransmitters are found in the APC (Haberly and Bower,
1989; Ennis et al., 2007). These were shown to affect the feeding responses to IAA-deficient diets using a variety of neurotransmitter antagonists, microinjected into the APC, to block
the anorectic response (Gietzen and Magrum, 2001). Yet the
present findings show that these inputs are not necessary for
the sensory limb of this response. Finally, although cortical
neurons can be sensitive to calcium (Yano et al., 2004), protons (Mari et al., 2010), or hypoxia (Hochachka et al., 1996),
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the sensory receptor for a behavioral homeostatic response has
not been located to cortex, as far as we know.
In its role as an association cortex (Haberly and Price, 1978;
Shepherd, 1979), the APC allows integration of information
about IAA depletion with other food-related signals. Moreover,
as well as housing the IAA deficiency-sensing mechanism, the
APC is uniquely situated to integrate olfaction and taste (Shepherd, 2006).
The APC projects to many brain areas, including the hypothalamus, which is part of the feeding circuitry (Berthoud, 2002).
On activation of the APC, glutamatergic signaling from the output cells in layer III of the APC (Shipley et al., 2008) projects to
feeding-related areas, including the lateral hypothalamus (LH)
(Blevins et al., 2004) in a suggested neural circuit (Gietzen et al.,
1998), indicating to the animal that it is acquiring insufficient
amounts of IAA and that a new source must be obtained. In line
with this, the LH is activated 30 min after injection of small
amounts of Thr into the APC of a Thr-deficient animal (Monda
et al., 1997); these results, along with the DMH lesion studies
discussed above (Bellinger et al., 1999), provide clear evidence of
the involvement of APC– hypothalamic projections in the subsequent responses to IAAs.
Cortical sensing occurs absent peripheral sensors: a novel role
for the cortex?
This study establishes an in vitro excitatory response, in cortex, to
an increase in uncharged tRNA after a decrease in a limiting IAA
(Thr in the in vitro studies here), or inhibition of tRNA charging
with the stereospecific form of threoninol. Increased P-eIF2␣ in
the slices after in vitro incubation with a Thr-devoid medium
further shows the role of the “general amino acid control,”
GCN2, pathway in this model, and the even greater increase in
P-CaMKII indicates that secondary activation spreads within the
APC circuitry. Therefore, the APC initiates the neuronal activity
associated with IAA depletion and that signaling of IAA depletion
must originate in the APC.
We conclude that the APC can be activated in isolation by
depletion of an IAA, in this case, Thr, absent any other sensory or
neural input. The traditional concept of sensory function holds
that a stimulus activates its receptor in the periphery; only then is
the transduced message projected to higher centers, including the
cortex, for processing. In striking contrast, this work shows that
the APC, which has been known to be necessary for some 40
years, is also sufficient for detecting depletion of Thr. These findings lead us to offer a novel concept: a direct intrinsic sensory
function for the mammalian cortex.
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