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Abstract
Thyrotropin-releasing hormone (TRH, pGlu-His-Pro-NH2) and the structurally related [Glu2]TRH
(pGlu-Glu-Pro-NH2) are endogenous peptides with a plethora of actions in the central nervous
system. Many centrally-mediated effects of TRH are shared with those of [Glu2]TRH, although the
involvement of different receptors are presumed. The analeptic action is the best-known TRH-related
central nervous system effect. While [Glu2]TRH itself is analeptic, its co-administration with TRH
into mice produced a dose-depended attenuation of TRH-evoked reversal of barbiturate-induced
sleeping time. This finding is in agreement with our previous observations that [Glu2]TRH
significantly attenuates TRH-induced hippocampal extracellular acetylcholine release. Taken
together, [Glu2]TRH may be considered as a negative modulator for the cholinergic effect of TRH
in the mouse brain.
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1. Introduction
Thyrotropin-releasing hormone (TRH; pGlu-His-ProNH2) and [Glu2]TRH (pGlu-Glu-
ProNH2) are structurally related endogenous peptides (Fig. 1) that are identified both in
neuronal and non-neuronal tissues [3,6]. It has been well-established that TRH is not only a
hypothalamic regulatory hormone, but also a neumodulator and/or neurotransmitter with a
plethora of suprahypothalamic actions in the mammalian central nervous system (CNS) [15,
19]. Many CNS-effects of TRH is shared with its metabolically stable analogues such as
[Glu2]TRH [22] in which the basic histidyl residue (His) of TRH is replaced with the acidic
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glutamyl residue (Glu). Specifically, [Glu2]TRH manifests analeptic, neuroprotective,
antidepressant, anticonvulsant and many other activities in the CNS. However, it is devoid of
TSH-releasing activity and, thus, does not elevate thyroid-hormone levels [14,15].
Additionally, [Glu2]TRH, is not metabolized by thyroliberinase, an enzyme that specifically
and rapidly inactivates TRH within minutes in blood [11,20,27]; therefore, [Glu2]TRH is stable
in rat serum for at least 4 h and is cleared only by the kidneys [12,13]. This peptide is believed
not to be derived from prepro-TRH [3], and does not bind with an appreciable affinity to the
two known TRH-receptor isoforms (TRHR1 and TRHR2) [4,9]. Altogether, it is reasonable
to assume that pharmacological effects evoked by this TRH-like peptide, which are also shared
with TRH, do not involve the activation of the known TRH receptors but, rather, involve its
own receptor or other, yet to be identified TRH receptor(s) in the CNS.

Many CNS-effects of TRH are mediated via neurotransmitters [10]. The robust effect of TRH
on the stimulation of acetylcholine (ACh) synthesis and the subsequent increase of extracellular
ACh levels in the CNS have been well known [7,17,21]. A vast array of CNS-actions of TRH
such as analeptic activity has been proposed to occur primarily through cholinergic
mechanisms [10,28,30], although GABAergic [5], dopaminergic [16] and noradrenergic [16]
components of this effect have been implicated in this effect without direct stimulation of the
cognate receptors. [Glu2]TRH itself is analeptic [9,22,25], although this peptide was found less
efficacious than TRH to antagonize pentobarbital-induced anesthesia in mice [22].

Previously, we have shown that local perfusion of [Glu2]TRH via in vivo microdialysis into
the rat hippocampus did not change basal levels of extracellular ACh implying that, unlike
TRH, this TRH-related peptide does not possess an intrinsic ACh-stimulatory effect [17].
However, a significant attenuation of TRH-induced ACh release was observed, when [Glu2]
TRH was co-perfused with TRH in equimolar dose. Accordingly, [Glu2]TRH was found to
oppose the cholinergic effect of TRH in the rat CNS. This finding implies that various CNS-
effects associated with [Glu2]TRH may not directly involve a cholinergic mechanism. It is
noteworthy that the diastereomer [D-Glu2]TRH had no effect on basal extracellular ACh levels
and TRH-evoked increase of this neurotransmitter [17]. An inhibitory effect of [Glu2]TRH on
TRH-induced growth-hormone release from avian pituitary in birds has also been reported,
suggesting that [Glu2]TRH may act as a TRH receptor antagonist or negative modulator within
this axis [8].

In the present study, our aim was to investigate whether [Glu2]TRH has a modulatory effect
on TRH–evoked analeptic action in mice upon intravenous (i.v.) administration. Analepsia
(reversal of sedation) is undoubtedly the best-known action of TRH in the CNS [10,19,28].
TRH and related peptides can antagonize the sedation and hypothermia produced by various
drugs. This arousal is commonly measured by the reduction of barbiturate-induced narcosis
and the effect is apparently mediated primarily via the activation of cholinergic neurons in the
hypothalamus [28] but also via non-cholinergic mechanisms in other regions of the brain [5].

2. Materials and Methods
2.1. Instruments and materials

All chemicals were reagent- or peptide-synthesis grade. Solvents were obtained from Fisher
Scientific (Atlanta, GA). 9-Fluorenylmethyloxycarbonyl (Fmoc)-Rink Amide resin, Fmoc-
amino acids, TRH and [Glu2]TRH were purchased from Bachem BioSciences (Torrance, CA).
Purification of [D-Glu2]TRH was done by reversed-phased high-performance liquid
chromatography (RP-HPLC) on a system consisting of a SP 200 binary gradient pump (Thermo
Fisher, San Jose, CA), a Rheodyne (Cotati, CA) model 7125 injector valve equipped with a 5-
mL sample loop, and a SP 100 UV/VIS detector (Thermo Fisher) operated at 220 nm. The 100
mm × 25 mm i.d. Waters (Milford, MA) RCM DeltaPack C18 column was operated at 3.0 mL/
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min flow rate. Analytical RP-HPLC was performed on a Surveyor system operated by
ChromQuest 4.0 Chromatography Workstation Software (Thermo Fisher) using an Alltech
(Deerfield, IL) Econosil C18 column (150 mm × 3.2 mm i.d., 5-μm particles), a flow rate of
0.5 mL/min and UV detection at 220 nm. The mobile phases were mixed from 0.1 % (v/v)
trifluoroacetic acid (TFA) in H2O (solvent A) and 0.08% (v/v) of TFA in CH3CN (solvent B).
Mass spectra (MS) were acquired on a quadrupole ion trap instrument (LCQ, Thermo, San
Jose, CA, USA) operated with the manufacturer’s XCalibur 1.4 software. Atmospheric
pressure chemical ionization (APCI) was used with vaporizer temperature of 450 °C, capillary
temperature of 150 °C, discharge current of 5 μA, and sheath and auxiliary gas (nitrogen) flow
of 60 and 10 arbitrary units, respectively. Elemental analysis was performed by Atlantic
Microlab, Inc. (Norcross, GA) confirming ≥ 95% purity of the test compounds.

Male Swiss-Webster mice (30±2 g body weight) obtained from Charles River Laboratories
(Wilmington, MA) were used for the experiments. All procedures were reviewed and approved
by the Institutional Animal Care and Use Committee at the University of Florida before
initiation of the study. The animals were housed five per cage with free access to water and
food with a normal day/night cycle. Each animal was tested only once.

2.2. Solid-phase synthesis of [D-Glu2]TRH
Routine manual solid-phase peptide synthesis on 1 g of pre-loaded (Fmoc)-Pro-Rink-MBHA-
Amide resin (0.48 meq/g) utilizing standard Fmoc-chemistry with benzotriazole-1-yloxy-tris-
pyrrolidinophosphonium hexafluoro-phosphate/1-hydroxybenzotriazole/N,N′-diisopropyl-
ethylamine (PyBOP/HOBt/DIPEA) (1:1:2) activation in N,N-dimethylformamide [15,19,21,
24] was used to obtain the diastereomer of [Glu2]TRH, pGlu-D-Glu-Pro-NH2. Fmoc-D-Glu
was protected on the side-chain as tert-butyl (tBu) ester. Double coupling (each for 1 h) was
applied. The tripeptide was cleaved from the solid support with a mixture of TFA, water and
triisopropyl silane (95:2.5:2.5, 10 mL, 1 h). After lyophilization, the crude peptide was purified
by preparative RP-HPLC. Purity was confirmed by analytical RP-HPLC, RP-HPLC-MS and
combustion analysis. MS (APCI): (M+H)+ m/z 355. Combustion analysis calc. for
C15H22N4O6 × 1 H2O: C, 48.38, H, 6.45; N, 15.05; found: C, 48.23; H, 6.28; N, 14.85.

2.3. Analeptic effect
Eight to eighteen Swiss-Webster mice (30 ± 2 g body weight) were used in each group,
according to our previous publications [19,22–25]. Test compounds were dissolved in saline.
The vehicle alone (1.5 mL/kg body weight; control group) or test compounds at various dose
in saline were injected through the tail vein of mice. After 10 min, each animal received an
intraperitoneal (i.p.) injection of sodium pentobarbital solution at a dose of 40 or 60 mg/kg
body weight. Sleeping time was recorded from the onset of loss of the righting reflex until this
reflex was regained by the animal. ED50 for [Glu2]TRH was calculated using the Scientist
software, version 2.01 (Micromath, St. Louis, MI, USA), by fitting the results of the dose–
response experiments to an equation similar to the one introduced by Cheng and Prusoff [2]:

(1)

where Δ and Δmax are the average decrease and maximal measured average decrease in sleeping
time (min) compared to control, respectively, Di is the dose (μmol/kg body weight), and h is
the Hill coefficient [2].

2.4. Statistical analysis
Results were expressed as mean values with standard deviations (SDs, in the factorial
experiment [1]) or standard errors (SEMs, in dose–response studies). The comparisons between
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drug-treated and control animals were made by analysis of variance (ANOVA) followed by
post hoc Tukey test for multiple comparisons. Differences were considered significant at
P<0.05.

3. Results
To select experimental conditions appropriate for testing the modulation of TRH-evoked
arousal by [Glu2]TRH in mice, a preliminary study was performed by using different TRH and
pentobarbital doses in a 2×2 factorial experiment [1] (Table 1) based on our previously
optimized paradigm for the timing of drug injections [19,22]. Specifically, we have found that
i.p. pentobarbital administration 10 min after i.v. TRH produced the most robust analeptic
response. The complex relationship between sleeping time measured by the assay at the given
doses of the systemically administered agents, as implicated by earlier studies [18,28], has been
confirmed by statistical analysis summarized in the footnote of Table 1. Both TRH (factor A)
and pentobarbital (factor B) doses had significant impact, and interaction (A*B) between the
factors was also revealed. Nevertheless, the pentobarbital dose had the largest influence in the
paradigm. For the experiments testing the modulation of TRH’s analeptic effect by [Glu2]TRH,
we selected 10 μmol/kg body weight TRH (i.v.) and 60 mg/kg body weight i.p. pentobarbital
doses based on considering coefficients of variation (CVs) to maximize statistical power of
our model.

As mentioned in the introduction, [Glu2]TRH was also found to possess intrinsic analeptic
activity [9,22,25]. However, unlike TRH, this endogenous peptide does not produce an increase
in extracellular ACh levels [17], and arousal in mice after its i.v. injection is less profound than
that of TRH (Table 2) under the experimental conditions selected from the above 2 × 2 factorial
experiment (Table 1). Accordingly, TRH produced almost 50% of decrease in the sleeping
time compared to the vehicle (saline) treated control group upon using 60 mg/kg body weight
i.p. pentobarbital 10 min after injection of 10 μmol/kg body weight of test compounds (Table
2 and Fig. 2, bars with hatch pattern of vertical lines). At the same time, exposing mice to
equimolar dose of [Glu2]TRH decreased the sleeping time by approximately 20% compared
to the vehicle treated group (Table 2). Dose-response studies conducted at various doses of
[Glu2]TRH (5, 10, 15, 25, 50, and 100 μmol/kg body weight i.v., respectively) showed a
statistically significant (p <0.05) difference in sleeping times at each doses compared to the
saline-treated control group, and afforded an ED50 (dose producing 50% of the maximum
response) of 23 ± 6 μmol/kg body weight under the given experimental conditions (Fig. 2, bars
with hatch pattern of horizontal lines). Non-linear fitting to equation (1) [2] presumed to
describe dose–response relationship yielded h ≅ 1. Interestingly, when [Glu2]TRH or TRH
was administered intracisternally into rats at a dose of 10 μg after the animals received
pentobarbital first [9], the two peptides were practically equipotent in reducing the
pentobarbital-induced sleeping time. Nevertheless, the goal of our study was not to compare
the analeptic potency of these two structurally similar peptides, but to demonstrate their
potential interplay in the CNS through a pharmacological paradigm.

Replacement of the Glu with its D-diastereomer (D-Glu) in [Glu2]TRH resulted in a complete
loss of analeptic response under the experimental conditions used (Table 2). When [D-Glu2]
TRH was co-injected with equimolar dose of TRH (10 μmol/kg body weight, each agent), there
was no significant change in sleeping times compared to that of TRH alone (43 ± 2 min and
40 ± 2 min, respectively) either. In all, [D-Glu2]TRH is neither an analeptic nor an inhibitor/
negative modulator, in this regard. These observations are in agreement with those concluded
for the ACh release studies [17], implying that Xaa must be an L-amino acid to induce these
CNS effects with a peptide having pGlu-Xaa-Pro-NH2 sequence.
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A different outcome was observed, however, upon co-administration of [Glu2]TRH and TRH
(Fig. 2, bars shaded with cross-hatch pattern). Specifically, [Glu2]TRH dose-dependently
attenuated TRH-induced analeptic action. The effect of [Glu2]TRH was tested at various doses
(1, 2, 5, 10, 15, 25, 50, and 100 μmol/kg body weight, respectively), while keeping the doses
of TRH and pentobarbital constant at 10 μmol/kg (i.v.) and 60 mg/kg body weight (i.p.),
respectively. As shown in Fig. 2 (bars shaded with cross-hatch pattern), there was no synergism
between the two peptides having intrinsic analeptic activity; rather, a negative modulatory
effect of [Glu2]TRH could be implicated. Although i.v. co-administration of 1 μmol/kg body
weight of [Glu2]TRH and 10 μmol/kg body weight of TRH did not produce statistically
significant difference in sleeping time compared to that of TRH alone (45 ± 3 min and 40 ± 2
min, respectively, see Fig. 2), increasing the [Glu2]TRH doses to ≥2 μmol/kg body weight did
afford a profound reversal of the TRH-evoked analeptic effect. Actually, the measured sleeping
times were statistically not different at ≥10 μmol/kg body weight of [Glu2]TRH from those of
obtained by [Glu2]TRH alone at the same dose. In essence, the reversal of pentobarbital-
induced narcosis elicited by TRH was inhibited by equimolar or higher doses of [Glu2]TRH
under the experimental conditions we used (Fig. 2, bars shaded with cross-hatch pattern).

4. Discussion
In the present study, we investigated the influence of [Glu2]TRH on TRH-evoked analeptic
action. The impact of TRH and related peptides on certain CNS effects has been associated
with the augmentation of various neurotransmitter systems, mostly involving cholinergic
neurons [10,15,19,30]. However, the lack of specific TRH antagonists has hampered the
elucidation of the mechanisms underlying of the diverse CNS-actions of TRH. Thus far, only
benzodiazepines have showed weak antagonism [26]; however, they also produce CNS
depression limiting thereby their usefulness in this regard [15]. Previously, we have shown
that local perfusion of [Glu2]TRH via in vivo microdialysis into the rat hippocampus did not
change the basal level of extracellular ACh; co-perfusion of [Glu2]TRH with TRH, on the other
hand, yielded a significant attenuation of TRH-induced ACh release [17]. At the same time,
the diastereomer pGlu-D-Glu-Pro-NH2 affected neither the basal extracellular nor TRH-
induced increase of ACh levels, which indicates receptor-mediated mechanism of action for
[Glu2]TRH. On the other hand, CNS effects of the latter endogenous peptide alone does not
arise through a cholinergic mechanism and, therefore, may implicate indirect mechanisms via
GABAergic, dopaminergic and noradrenergic receptors [5,16]. Nevertheless, [Glu2]TRH may
be involved in the control of the cholinergic effects of TRH as a negative modulator of the
latter.

As an extension of these studies, we addressed the effect of [Glu2]TRH on the TRH-evoked
analeptic effect in this report. We confirmed that [Glu2]TRH itself was analeptic [9,22,25];
however, its analeptic action was not only less efficacious than that of TRH under the
experimental conditions employed (Table 2 and Fig. 2), but it was apparently mediated by a
non-cholinergic mechanism based on earlier ACh release studies [16] and under the
experimental conditions we selected according to preliminary experiments (Table 1). When
the TRH dose was kept constant at 10 μmol/kg body weight, equimolar or higher dose of
[Glu2]TRH completely inhibited the TRH-evoked analeptic effect upon i.v. co-administration
(Fig. 2, bars shaded with cross-hatch pattern). Taken together, our results presented here and
measured by a pharmacological paradigm have confirmed previous observations obtained
via neurochemical measurements utilizing in vivo intracranial microdialysis and continuous
peptide influx into the brain that bypassed issues related to different blood-brain barrier
penetrations, pharmacokinetics and metabolic stabilities [17]. We have essentially validated
that [Glu2]TRH, indeed, opposes the cholinergic effect of TRH in the mouse brain—even upon
systemic administration of these peptides. This property of [Glu2]TRH raises the hope that it
may be used as a lead for the development of useful pharmacological agents, including selective
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TRH modulators and/or antagonists, to understand cholinergic mechanisms by which TRH
exerts its vast array of CNS effects.
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Fig. 1.
Chemical structure of TRH and [Glu2]TRH.
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Fig. 2.
Sleeping time measured after i.v. administration of TRH (bars with hatch pattern of vertical
lines) or [Glu2]TRH (bars with hatch pattern of horizontal lines) at equimolar dose (10 μmol/
kg body weight) followed by injection of pentobarbital (60 mg/kg body weight, i.p.) 10 min
later, as well as reversal of TRH-induced analeptic effect (10 μmol/kg body weight) by various
doses of [Glu2]TRH upon co-administration with TRH (bars shaded with cross-hatch pattern).
Open bar shows sleeping time measured for the control (saline) group. The sleeping time was
recorded from the onset of the loss of the righting reflex until the reflex was regained. Data are
shown as average ± SEM for n=12–18 at each doses. Statistical evaluation was done by analysis
of variance (ANOVA) followed by post hoc Tukey test. Differences were considered
significant with P<0.05; * indicates statistically significant differences from the control group
(saline); † indicates statistically significant differences from the TRH group; # indicates
statistically significant differences from the [Glu2]TRH group.
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Table 1

Sleeping times obtained after different doses of TRH and pentobarbital (2 × 2 factorial experiment). Sleeping
time was recorded from the onset of the loss of the righting reflex until this reflex was regained. Pentobarbital
was injected 10 min after administration of TRH [20,23]. Sleeping times (min) are given as averages ± standard
deviations (SDs, n=8–10), along with the corresponding coefficients of variation (CVs, expressed as percentages).

TRH (A) (μmol/kg body weight, i.v.)a

Pentobarbital (B) (mg/kg body weight, i.p.)

40 60

Sleeping time ± SD,b min (CV, %)

10 31 ± 2 (8) 52 ± 4 (7)

20 26 ± 3 (10) 38 ± 5 (13)

a
Saline controls: 46 ± 3 min and 90 ± 5 for 40 mg/kg and 60 mg/kg body weight pentobarbital, respectively.

b
A: F(1,29)=60.5, p<0.0001; B: F(1,29)=164.1, p<0.0001; A*B: F(1,29)=13.4, p=0.001 by analysis of variance (ANOVA).
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Table 2

Barbiturate induced sleeping time in mice after i.v. administration of test compounds (equimolar doses of 10
μmol/kg body weight) when pentobarbital (60 mg/kg, i.p.) was injected 10 min after injection of test compound.
Data was given as average ± SEM.

Compound Sleeping time (min)

Vehicle 79±2

TRH 40±2*

[Glu2]TRH 65±2*,†

[D-Glu2]TRH 76±2

[Glu2]TRH + TRH 59±3*,†

[D-Glu2]TRH + TRH 43±2*

*
Statistically significant difference (P < 0.05, n=12–18) from saline control,

†
Statistically significant difference from TRH (alone).
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