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Abstract

There is growing evidence that lesions of the anterior thalamic nuclei cause long-lasting intrinsic 

changes to retrosplenial cortex, with the potential to alter its functional properties. The present 

study had two goals. The first was to identify the pattern of changes in eight markers, as measured 

by in-situ hydridisation, in the granular retrosplenial cortex (area Rgb) following anterior thalamic 

lesions. The second was to use retrograde trans-neuronal tracing methods to identify the potential 

repercussions of intrinsic changes within granular retrosplenial cortex. In Experiment 1, adult rats 

received unilateral lesions of the anterior thalamic nuclei and were perfused four weeks later. Of 

the eight markers, four (c-fos, zif268, 5ht2rc, kcnab2) showed a very similar pattern of change, 

with decreased levels in superficial retrosplenial cortex (lamina II) in the ipsilateral hemisphere 

but little or no change in deeper layers (lamina V). A fifth marker (cox6b) showed a shift in 

activity levels in the opposite direction to the previous four markers. Three other markers (cox6a1, 

CD74, ncs-1) did not appear to change activity levels after surgery. The predominant pattern of 

change, a decrease in superficial cortical activity, points to potential alterations in plasticity and 

metabolism. In Experiment 2, wheat germ agglutin (WGA) was injected into the anterior thalamic 

nuclei in rats given different survival times, sometimes in combination with the retrograde, 

fluorescent tracer, Fast Blue. Dense aggregations of retrogradely labeled cells were always found 

in lamina VI of granular retrosplenial cortex, but additional labeled cells in lamina II were only 

found: 1) in WGA cases, i.e. never after Fast Blue injections, and 2) after longer WGA survival 

times (three days). These layer II Rgb cells are likely to have been trans-neuronally labeled, 

revealing a pathway from lamina II of Rgb to those deeper retrosplenial cells that project directly 

to the anterior thalamic nuclei.
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Introduction

The anterior thalamic nuclei have dense, reciprocal connections with the retrosplenial cortex 

(Vogt et al., 1981; van Groen et al., 1993; Shibata, 1993, 1998), a part of the posterior 

cingulate region in the primate brain. In the rat brain, the retrosplenial cortex comprises the 

entire posterior cingulate region (Vogt and Peters, 1981). Both electrophysiological studies 

with rabbits (Gabriel et al., 1983; Gabriel, 1993) and cross-lesion disconnection studies with 

rats (Sutherland and Hoesing, 1993) show that retrosplenial cortex function partially 

depends on the integrity of the anterior thalamic nuclei (ATN). Interest in this relationship is 

stimulated by growing evidence that both regions are vital for memory (Maguire, 2001; 

Aggleton and Brown, 2006; Vann et al., 2009). One possible component of this 

interdependency is that anterior thalamic lesions disrupt plasticity in the retrosplenial cortex. 

Support comes from the recent finding that retrosplenial brain slices taken from rats with 

anterior thalamic lesions show a loss of long-term depression (Garden et al., 2009), though 

these disruptions were lamina specific as the loss of plasticity was restricted to the 

superficial layers of the retrosplenial cortex (Garden et al., 2009). The present study sought 

to examine the nature of this thalamic – cortical interdependency in two ways. First, the 

impact of unilateral anterior thalamic lesions upon gene activity was measured in the 

retrosplenial cortex using methods that permit cortical lamina to be compared. Second, 

trans-neuronal mapping methods were used to determine how different laminae within the 

retrosplenial cortex project directly and indirectly to the anterior thalamic nuclei.

It has been shown that large, unilateral thalamic lesions in rats produce a decrease in a 

marker of cell metabolism, cytochrome oxidase, in granular retrosplenial cortex (van Groen 

et al., 1993). The same thalamic lesions also reduced levels of cholinergic, serotonergic, and 

noradrenergic markers in the retrosplenial cortex (van Groen et al., 1993). In every case, the 

most pronounced changes were in superficial cortical layers. Limitations with this study 

include the fact that the lesions were very extensive, involving multiple thalamic nuclei, and 

that some of the changes in neurotransmitter markers could have reflected the degeneration 

of presynaptic terminals (van Groen et al., 1993). The anterior thalamic – retrosplenial 

relationship has recently been re-examined in rat studies that involve much more discrete 

ATN lesions (Jenkins et al., 2004, Poirier et al., 2008; Poirier and Aggleton, 2009). 

Immunohistochemical mapping of the protein products of two immediate-early genes 

(IEGs), c-Fos and Zif268, revealed that anterior thalamic lesions are sufficient to produce a 

dramatic loss of IEG activity in retrosplenial neurons. For both IEGs, these decreases were 

most prominent in the superficial layers of the granular retrosplenial cortex, though there 

was no evidence of a reduction in retrosplenial neuronal numbers (Jenkins et al., 2004; 

Poirier et al., 2008; Poirier and Aggleton, 2009). The most extreme IEG changes were for c-

Fos, with reductions of up to 90% of all c-Fos-positive cells in lamina II and upper lamina 

III in granular retrosplenial cortex.

To provide a broader test of these ATN lesion effects, Experiment 1 used in situ 

hybridization to measure the status of eight target markers in the granular retrosplenial 

cortex, with particular emphasis on comparisons between superficial (lamina II) and deep 

(lamina V) cortical laminae. Additional interest concerned the relationship between the 

current findings and those from a microarray study into the effects of unilateral ATN lesions 
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upon granular retrosplenial tissue (Poirier et al., 2008). While numerous changes in 

retrosplenial gene activity were recorded in that study (Poirier et al., 2008), especially for 

genes associated with plasticity and energy metabolism, the microarray analysis concerned 

tissue from across all cell layers. Consequently, it was not possible to compare cortical 

lamina.

Experiment 1 examined the impact of unilateral ATN lesions as the thalamic projections to 

the retrosplenial cortex remain ipsilateral (van Groen et al. 1993; Wang et al., 2001), making 

it possible to compare across hemispheres in the same animals. Cytotoxic lesions were made 

with the goal of minimizing white matter damage. Target genes were selected on the basis 

of: 1) previous evidence from other techniques (e.g. microarray) that their activity might be 

compromised by ATN lesions (e.g. c-fos,, cox6a1, cox6b, 5htr2c, cd74, ncs-1, kcnab2 

(Poirier et al., 2008), 2) prior evidence of an involvement in excitability or plasticity [e.g. c-

fos, zif268, 5htr2c (Carr et al., 2002; Boothman et al., 2006; Liu et al., 2007), cd74 (Håvik et 

al., 2007), ncs-1 (Génin et al., 2001), kcnab2 (Rettig et al., 1994; Salinas et al., 1997; 

Richardson et al., 2000)], 3) a likely involvement in retrosplenial energy metabolism [e.g. 

cox6a1, cox6b, (Valla et al., 2001; Liang et al., 2008; Schneider et al., 2008), and 4) 

evidence in Alzheimer’s disease of alterations in gene expression [cox6a1, cd74 (Kong et 

al., 2009)], especially those genes linked to changes within the posterior cingulate cortex 

[cox6a1, cox6b (Liang et al., 2008)].

Experiment 2 also sought to examine the nature of the relationship between the retrosplenial 

cortex and the anterior thalamic nuclei, but used anatomical tracing techniques. It is well 

known that there are dense projections from lamina VI of the retrosplenial cortex to the 

anterior thalamic nuclei (Van Groen et al., 1993; Shibata, 1998; van Groen and Wyss, 2003). 

The issue was whether it is possible to identify the inputs to these specific cells in lamina VI 

and, in particular, whether intrinsic projections from within the retrosplenial cortex might 

indirectly innervate the anterior thalamic nuclei. Attention was focused on lamina II cells in 

granular retrosplenial cortex as they principally project within the retrosplenial cortex 

(Sripanidkulchai and Wyss, 1987; van Groen and Wyss, 1990, 2003), i.e. they have intrinsic 

connections. Accordingly, wheat germ agglutin (WGA) was injected into the anterior 

thalamic nuclei and sufficient survival time was allowed for retrograde trans-neuronal 

transport (Takeuchi et al., 1985).

Experiment 1: Granular retrosplenial cortex (Rgb) changes after anterior 

thalamic lesions measured by in situ hybridization

Methods

Subjects—Twelve male rats (Dark Agouti strain, Harlan, Bicester,UK), weighing between 

200 and 225 g at the time of surgery were all housed in pairs under a 13 hour light/11 hour 

dark cycle with ad libitum access to food and water. Each animal was extensively habituated 

to handling. All experiments were carried out in accordance with UK Animals (Scientific 

Procedures) Act, 1986, and associated guidelines, and all efforts were made to minimize 

animal suffering.
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Surgery—Excitotoxic, unilateral lesions were placed in the anterior thalamic nuclei. 

Animals (n=12) were first anesthetized with an intraperitoneal injection of pentobarbitone 

sodium (Sagatal, 75mg/kg) and then placed in a stereotaxic frame (David Kopf Instruments, 

Tujunga, CA). Chloramphenicol eye ointment (Martindale Pharmaceuticals, Romford, UK) 

was topically applied to the eyes to protect the cornea. A craniotomy was made over both 

hemispheres. Excitotoxic lesions were produced by injecting 0.20 μl of N-methyl-D-

aspartate (NMDA; Sigma Chemicals, Poole, UK; 0.12 M in phosphate buffered saline 

(PBS), pH 7.2) into two sites in the same hemisphere using a 1 μl syringe (Hamilton, 

Switzerland).

The stereotaxic coordinates were as follows: anterio-posterior, −0.5 from bregma; medio-

lateral, 1.0 and 1.7 from the midline; dorso-ventral, −6.3 and −5.7 from the top of the dura 

for the medial and lateral injections, respectively. The incisor bar was set at +5.0. Antibiotic 

powder (Aureomycin, Fort Dodge Animal Health, Southampton, UK) was subsequently 

applied topically, and all rats also received a 5 ml subcutaneous injection of glucose saline. 

Paracetamol was dissolved in the rats’ drinking water, and they were observed daily until 

recovery. In five rats, the lesion was placed in the right hemisphere, and in six rats the lesion 

was in the left hemisphere.

Anatomical targets and nomenclature—In the rat brain, there is no posterior cingulate 

area 23 or area 31, so that the retrosplenial cortex (areas 29 and 30) occupies the entire 

posterior cingulate region. The rat retrosplenial cortex comprises two major subregions 

(Vogt and Peters, 1981; Anzalone et al., 2009): granular (area 29) and dysgranular (area 30). 

The granular retrosplenial cortex (area 29) can be subdivided (Van Groen and Wyss 1990, 

1992, 2003) into a caudal area a (Rga) and a more rostral and dorsal area b (Rgb). Area Rgb 

was the principal region of interest in the present study for four reasons. First, Rgb receives 

dense inputs from the anterior thalamic nuclei (Vogt et al., 1981; Van Groen et al., 1993). 

Second, the most prominent retrosplenial IEG changes have been observed in this region 

after anterior thalamic lesions (Jenkins et al., 2004). Third, microarray analyses of 

retrosplenial cortex following anterior thalamic lesions have targeted tissue from this 

subregion (Poirier et al., 2008). Fourth, lesions of granular retrosplenial cortex in rats are 

sufficient to impair learning and memory (Van Groen et al., 2004; Pothuizen et al., 2010).

Grain counts focused on lamina II and lamina V of area Rgb. Lamina II was selected 

because previous studies have found this lamina within the granular retrosplenial cortex to 

be the most consistently disrupted by anterior thalamic lesions (Jenkins et al., 2004; Garden 

et al., 2009; Poirier and Aggleton, 2009). Cells in lamina V are also of particular interest as 

they are the major source of extrinsic projections from Rgb (Sripanidkulchai and Wyss, 

1987; Van Groen and Wyss, 2003). The principal exception concerns the projections from 

Rgb to the anterior thalamic nuclei, which arise from lamina VI (Sripanidkulchai and Wyss, 

1987; Van Groen and Wyss, 2003). As the anterior thalamic nuclei have been lesioned in 

this preparation, it is the other, extrinsic projections of Rgb that are potentially of greatest 

significance.

Tissue preparation—Four weeks after surgery, the rats were killed 30 min after 

individual exposure to a novel environment (new room and visual stimuli in a cage 
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measuring 56 × 39 × 19 cm, with grid floor) by CO2 exposure and decapitation. Whole 

brains were rapidly removed, placed in a Perspex rat brain matrix (World Precision 

Instruments, Stevenage, UK, specific for rats weighing 175–300 g) and a coronal cut was 

made, separating the brain into a caudal portion containing the retrosplenial cortex and a 

rostral portion with the anterior thalamic nuclei and the very rostral end of the retrosplenial 

cortex. The retrosplenial cortex portion was immediately frozen on dry ice, then stored at 

−70°C until sections (14 μm) were cut on a cryostat (Leica Instruments) and thaw-mounted 

onto poly-L-lysine (hydrobromide; molecular mass >300,000; Sigma, Poole, UK)-coated 

glass slides (0.02 mg/ml DEPC-treated water). These sections were air-dried for ≥30 min, 

fixed in 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS), pH 7.4, for 5 min, 

rinsed in PBS for 1 min, delipidated in 70% ethanol for 4 min, and stored in 95% ethanol at 

4°C. In order to confirm the anterior thalamic nuclei lesions, the rostral portion of the brain 

was placed overnight in 4% paraformaldehyde in PBS for fixation and then again overnight 

in 25% sucrose in PBS. A series of coronal sections (40 μm) was cut with a cryostat, 

mounted onto gelatine-coated slides, stained with cresyl violet and coverslipped using DPX 

mountant (Fisher Scientific, Loughborough, UK).

In situ hybridization and silver grain counts—Hybridizations were performed 

essentially as described by Hall et al. (2001). cDNA antisense probes (45mers) were 

synthesized commercially (Sigma-Genosys, Cambridge, UK) complementary to nucleotides 

of the genes of interest (Table 1). These oligonucleotides were 3′-end-labelled with [α- 35S] 

dATP (1200 Ci/mmol; Perkin Elmer-NEN, Hounslow, UK) in a 30:1 molar ratio of radio-

labelled ATP:oligonucleotide using terminal deoxynucleotidyl transferase (Promega, 

Southampton, UK) as described previously (Wisden and Morris, 1994). Specific activity of 

the 35S-labelled probe was between 2.0 ×105 and 6.0 × 105 dpm/μl probe. To define non-

specific hybridization, adjacent slide-mounted sections were incubated with radiolabeled 

oligonucleotide in the presence of an excess (100×) concentration of unlabeled 

oligonucleotide probe. This method gave us an estimate of the spurious formation of grains, 

contributing to the “non-specific” signal. This number is then subtracted from the total 

signal obtained with the labelled probe, thus yielding a better estimate of the “specific 

signal”.

After hybridization, sections were opposed to Kodak BioMax MR x-ray film (Sigma-

Aldrich Company Ltd. Poole UK) for 1–2 weeks. After obtaining appropriate x-ray film 

exposures, sections were dipped in Ilford K5 photographic emulsion (Agar Scientific, 

Stansted, UK). Sections were exposed for 5–10 weeks at 4°C, before development and 

counterstaining with 0.01% thionin.

The silver grain counts were always obtained by an investigator blind to the treatment of 

each hemisphere. Grain density was assessed in laminae II (superficial) and V (deep) of 

Rgb, typically from three non-adjacent sections spread across the range −2.8 to −6.0 mm 

from bregma (Paxinos and Watson, 1997). Images of sections were captured with 

LeicaQWIN imaging software (Leica Microsystems, Milton Keynes, UK) using an objective 

(×100) with oil-immersion. Grains (total and non-specific) were counted over 8-10 cells per 

hemisphere for each lamina, and the mean number of silver grains per cell calculated. Silver 

grains were counted using the LeicaQWIN imaging software, with the exception of three 
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genes (ncs1, zif268, kcnab2), for which the ImageJ imaging software (http://rsbweb.nih.gov/

ij/) was employed. Retrosplenial counts of cox6b grains made by both methods were 

compared in two separate Anovas (laminae II and layer V), with the within factors of 

hemisphere (lesioned or intact) and count method (LeicaQWIN or ImageJ). In neither 

lamina (II or V) was there evidence that the count method affected the overall grain count 

(both p>0.1). Furthermore, the lack of any interaction (both F<1) between the scores for the 

two count methods and status of hemisphere (thalamic lesion or intact) showed that the two 

methods gave matching patterns of results that could not be distinguished.

Statistical analyses—Statistical analyses (SPSS 14.0, Chicago) on specific grain counts 

started with a two-way ANOVA with the within-subjects factors surgical treatment 

(hemisphere) and lamina. Post hoc tests were done where appropriate. As a protection for 

Type 1 errors after multiple comparisons, a Bonferroni adjustment was applied. Statistical 

significance was set at the p≤0.05 level.

Experiment 2: Trans-neuronal tracing of indirect retrosplenial projections 

to the anterior thalamus

Methods

Injections of WGA were made into the anterior thalamic nuclei, and by varying the survival 

time it was possible to look for cells that had potentially been labelled trans-neuronally. To 

confirm the status of such candidate cells, we injected both WGA and the retrograde 

fluorescent tracer, Fast Blue (Kuypers et al., 1980) in the same syringe, into exactly the 

same site in a number of cases. Fast Blue is known to travel trans-neuronally, and so the 

direct comparison with WGA labelled cells should reveal those cells that are most likely to 

be labelled trans-neuronally. Although WGA travels both anterogradely and retrogradely, 

any retrograde label is readily distinguished when visualised immunohistologically, as it is 

seen as intracellular grains. Anterograde label appears as an extra-cellular dusting of 

neuropil.

Subjects—Experiment 2 used 13 male Lister Hooded rats (Harlan, Bicester, UK) weighing 

270-300g at the time of surgery. All rats were housed in pairs under a 13 hour light/11 hour 

dark cycle. The procedures were carried out in accordance with UK Animals (Scientific 

Procedures) Act, 1986, and associated guidelines, and all efforts were made to minimize 

animal suffering.

Surgical procedures—Both tracers were injected stereotaxically via a 0.5μl Hamilton 

syringe. In 7 cases, Fast Blue (Polysciences Inc, Eppelheim, Germany) was injected in 

combination with WGA (Vector Labs, Peterborough, UK). In an initial series of rats (n=6), 

only WGA was injected to help determine the time course of any potential trans-neuronal 

uptake. Additional experiments, involving WGA injections into the mammillary bodies (not 

reported here), were also used to determine the time course of any trans-neuronal transport.

Both Fast Blue and WGA were made up in sterile 0.1M PBS. For combined tracer 

experiments, Fast Blue was made up as a 5% solution, while WGA was made up as a 4% 
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solution. Immediately prior to injections, Fast Blue and WGA were combined at a ratio of 2 

parts Fast Blue to 1 part WGA, as this had previously resulted in equivalently sized injection 

sites. For WGA only experiments, WGA was made up as a 1-2% solution (comparable to 

the concentrations used in combined WGA/Fast Blue injections).

The surgical procedures were essentially the same as for Experiment 1, and again a 

craniotomy was made above the anterior thalamus. For cases with a single injection, the 

target was where the anterior medial and anterior ventral nuclei meet, so as to involve both 

nuclei. The coordinates in these cases (n=8) were: AP −0.2, ML +/− 1.4, DV −6.7 (all from 

bregma). For cases with two separate injections, the two targets were, respectively, the 

anterior medial and anterior ventral nuclei in the same hemisphere (n=5). The coordinates 

for the anterior medial nucleus were: AP −0.2, ML +/− 1.0, DV −6.9 (all from bregma), and 

for the anterior ventral nucleus were: AP −0.2, ML +/− 1.8, DV −6.2. Injection volumes of 

0.01-0.04μl were made into the anterior thalamic nuclei. Following each injection, the 

syringe was left in place for at least 7 minutes to help limit any tracer travelling back up the 

syringe tract. Post-operative care matched that described for Experiment 1.

Tissue preparation—Following a postoperative period of between 6 hours to 6 days, the 

animals were deeply anesthetized with sodium pentobarbital (Euthatal, Merial, Harlow, 

UK). The rats were then perfused intracardially with 0.1M PBS at room temperature 

followed by 4% paraformaldehyde in 0.1M PBS at ~4°C. Brains were removed and placed 

in the dark for 4 hours in paraformaldehyde and then transferred to 30% sucrose solution in 

0.1M PBS for 24 hours in the dark to cryoprotect the tissue before cutting. Brains were 

placed on a freezing platform and a 1-in-3 series of 40μm coronal sections was cut on a 

sledge microtome (Leica 1400). One series was either stained with cresyl violet or 

immunologically reacted for the presence of NeuN (Santa Cruz Biotechnology, Inc., 

Heidelberg, Germany). This allowed localisation of injection sites within the ATN and 

displayed the laminar structure of the retrosplenial cortex. The second series was viewed for 

fluorescence microscopy, and the third series was immunologically reacted for the presence 

of the WGA tracer. All sections were mounted directly onto gelatine-subbed slides, and then 

allowed to dry in the dark at room temperature before dehydrating and coverslipping with 

DPX (Raymond Lamb, Eastbourne, UK). Brightfield microscopy was undertaken with a 

Leica DMRB microscope equipped with an Olympus DP70 digital camera and AnalySIS 

image acquisition software (Soft Imaging System, Münster, Germany). For fluorescence 

microscopy, a Leica DM5000B microscope with a Leica DFC350FX digital camera and 

Leica Application Suite image acquisition software was used to capture images. Photoshop 

(Adobe Systems Incorporated) helped to enhance the sharpness and contrast of the 

photomicrographs, and also prepare figures.

Wheat germ agglutinin immunohistochemistry—An antiserum directed against 

WGA was used at a dilution of 1:2000 and incubated at 4°C for 48 hours (Vector Labs 

catalogue# AS-2024, produced in goats). The antigen-antibody complex was localised with 

a standard avidin-biotin process (ABC Elite Kit, Vector Labs). The chromagen 

diaminobenzidine (DAB) produced the visualised reaction product, which was further 

enhanced with a nickel solution (DAB Substrate Kit, Vector Labs). Reacted sections were 
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then mounted onto gelatine-subbed slides and dehydrated through increasing concentrations 

of alcohol before being cover-slipped from xylene with DPX.

Results

Experiment 1: Granular retrosplenial cortex (Rgb) changes after anterior thalamic lesions 
measured by in situ hybridization

Nissl confirmation of unilateral thalamic lesions—Two rats with incomplete lesions 

were rejected, leaving ten rats with unilateral, anterior thalamic lesions (largest and smallest 

depicted in Fig. 1). The remaining thalamic lesions were essentially as intended as they 

always included most of the cells in the anterior dorsal and anterior ventral nuclei. Cell loss 

in the rostral part of the anterior thalamic nuclei (anterior dorsal, anterior medial, anterior 

ventral) was almost always complete. In six cases the anterior dorsal nucleus was 

completely absent throughout its length, while the anterior ventral nucleus was totally lost in 

three cases. Sparing in the latter nucleus was typically confined to its most lateral margin. 

The only other area to show repeated sparing was the most medial part of the anterior medial 

nucleus (including parts of the interoanteromedial nucleus). Cell loss continued caudally 

from the anterior dorsal nucleus to include the most rostral portion of the adjacent lateral 

dorsal nuclei in five cases. None of the lesions crossed the midline. The largest lesions 

extended into parts of the ventral anterior nucleus, immediately ventral to the anterior 

ventral thalamic nucleus, the lateral parataenial nucleus, and very restricted portions of the 

very rostral reticular nucleus (Fig. 1). In half of the cases there was some very restricted cell 

loss in the ventral blade of the septal dentate gyrus.

In situ findings—All analyses were based on comparisons between the retrosplenial 

cortex ipsilateral to the thalamic lesions and the cortex contralateral to the lesion, i.e. in an 

intact hemisphere.

c-fos: As show in Figure 2A, unilateral anterior thalamic nuclei lesions produced a reduction 

of c-fos mRNA in ipsilateral retrosplenial cortex [F(1,8)=10.2, p<0.005, but no interaction 

of lesion and laminae, F<1]. Follow-up tests (Bonferroni adjusted for multiple comparisons) 

revealed that the c-fos reduction was significant in lamina II [F(1,8)=8.6, p<0.05], while it 

narrowly failed to achieve statistical significance for lamina V [F(1,8)=4.7, p=0.061].

zif268: While unilateral anterior thalamic nuclei lesions appeared to cause an overall 

reduction of zif268 mRNA in ipsilateral retrosplenial cortex (Fig. 2B), this change was not 

significant [F(1,9)=2.3, p>0.16]. Although, by inspection, the reduction was more 

pronounced in lamina II, the interaction of lesion and laminae failed to reach statistical 

significance [F(1,9)=3.7, p=0.085]. Planned comparisons in the light of previous repeated 

findings of a superficial laminae sensitivity of Zif268-positive cells to ATN lesions (Jenkins 

et al., 2004; Poirier et al., 2009) did, however, support the apparent reduction observed in 

lamina II [F(1,9)=3.7, p<0.05].

5htr2c: Retrosplenial cortex 5htr2c mRNA expression was reduced by the anterior thalamic 

nuclei lesions [main effect of lesion F(1,9)=49.0, p<0.001]. As seen in Figure 2C, the 

superficial lamina II appeared more sensitive to the lesions than the deep lamina V 
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[interaction of lesion and layer, F(1,9)=11.2, p<0.01]. This pattern was confirmed by the 

follow-up analyses as there was a significant decrease in grain counts in lamina II 

[F(1,9)=34.8, p<0.001; see Fig. 3] but not in lamina V (F<1; see Fig. 3). These follow-up 

analyses were Bonferroni adjusted for multiple comparisons.

cd74: There was no effect of the anterior thalamic lesions on the levels of cd74 (Fig. 2D) in 

retrosplenial cortex laminae II and V (all comparisons, F<1).

cox6a1: Counts of lamina II and lamina V cox6a1 mRNA expression (Fig. 4A) failed to 

reveal any effects of the anterior thalamic nuclei lesions (main effect of lesions, F<1; 

interaction of laminae and lesions, F<1).

cox6b: The effect of the anterior thalamic nuclei lesions on cox6b grain counts (Fig. 4B) 

depended on the lamina examined [interaction of lamina and lesion, F(1,7)=6.3, p<0.05; no 

main effect of lesion, F<1]. Follow up analyses showed that the reduction in lamina V was 

close to significant [F(1,7)=4.9, p=0.062; Bonferroni adjusted for multiple comparisons], 

and that the interaction reflected the opposing patterns of change (Fig. 4B).

ncs-1: There was no effect of anterior thalamic nuclei lesions on grain counts of ncs-1 (Fig. 

4C) in laminae II and V of retrosplenial cortex [main effect of lesions, F<1; interaction of 

lesions and laminae, F(1,8)=2.4, p>0.16].

kcnab2 (also known as kvb2): There was no overall effect (F<1) on kcnab2 expression 

(Fig. 4D), however, the opposite pattern of effects in each laminae was confirmed by the 

significant lesion by lamina interaction [F(1,8)=16.2, p<0.005]. Examination of the simple 

effects revealed a significant reduction in lamina II [F(1,8)=8.6, p<0.05], though the 

increase in layer V narrowly failed to reach significance [F(1,8)=4.7, p=0.061].

Experiment 2: Trans-neuronal tracing of indirect retrosplenial projections to the anterior 
thalamus

Injection sites—In all 13 cases, the tracer injections were centered within the anterior 

medial and anterior ventral nuclei, though in some cases the tracers also involved the 

anterior dorsal nucleus. The single injection site in the 3-day survival was situated at the 

junction of the anterior medial and anterior ventral thalamic nuclei, with the tracer extending 

into both nuclei.

Importantly, the apparent spread of Fast Blue and WGA was very similar for those cases 

with combined injections of both tracers into the same site (e.g. Figs. 5G,H). The locations 

of the injection sites for the 1-day survival cases were very similar to those of the 3-day 

survival cases.

Time course of trans-neuronal WGA labelling—Six cases with WGA injections into 

the anterior thalamic nuclei were examined where the survival times varied between 6 hours 

and 6 days. Comparisons with adjacent cresyl violet stained or NeuN reacted sections (Fig. 

5A) were used to assign WGA labelling to the associated lamina of the Rgb. With increasing 

survival times (6–24 hours), the retrogradely labelled cells within lamina VI of region Rgb 
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increased both in their number and in the intensity of their labelling. This lamina (VI) is 

regarded as the sole source of the direct projections to the anterior thalamic nuclei (Shibata, 

1998; Van Groen and Wyss, 2003). In those cases with survival times of up to 24 hours, no 

other labelled cells were present in more superficial layers of the Rgb (Fig. 5C).

When post injection survival times were increased to three days, numerous intensely 

labelled cells were again located within lamina VI (Fig. 5D), but now there was also a 

scattered layer of lightly labelled cells in lamina II of ipsilateral Rgb. Despite the low 

intensity of the labelling, the characteristic granular nature of the DAB reaction product was 

clearly identifiable (Figs. 5F,I). This light, superficial label extended along the length of the 

granular retrosplenial cortex, so that it was also found in Rga along with caudal Rgb (Fig. 

6A). While the large majority of this additional retrograde label was found in lamina II, 

occasional cells in lamina III were also labelled (Fig. 6B). At the longest survival time (6 

days), labelling was still present in lamina VI, but the intensity of labelling was considerably 

reduced in comparison to shorter survival times of 1-3 days. In addition, the light labelling 

previously noted within lamina II was now absent.

In all WGA cases with survival times of 24 hours or more, bands of anterograde label were 

also visible in the retrosplenial cortex (Figs. 5C,D). Within Rgb, this anterograde label was 

most prominent in laminae I and IV (Figs. 5D,F).

Combined Fast Blue and WGA injections cases—By combining injections of Fast 

Blue and WGA within the anterior thalamic nuclei in the same case, and then processing 

adjacent sections for the presence of each tracer, it is possible to determine whether 

populations of labelled cells within Rgb project directly or trans-neuronally to the thalamus. 

Following on from the results of the previous WGA time course experiments, a case with a 

three day survival period is described in detail.

In this case, the spread of Fast Blue and WGA appeared very similar (Figs. 5G,H). 

Numerous retrogradely labelled Fast Blue cells were located within lamina VI (Fig. 5E). 

These cells appeared pyramidal in shape and no Fast Blue labelled cells were detected in the 

more superficial Rgb layers. In contrast, the immediately adjacent WGA-processed sections 

(Fig. 5D) not only contained many labelled pyramidal cells with a high intensity of label in 

lamina VI but also had a band of lightly labelled cells scattered ipsilaterally in lamina II of 

Rgb (Figs. 5D,F,H). No corresponding Fast Blue label occurred in this region. This pattern 

of WGA label in the superficial laminae, but no Fast Blue label, after three day survival 

periods was confirmed in other cases (Fig. 6).

Discussion

Pathology involving the anterior thalamic nuclei can cause extensive changes in 

retrosplenial cortex activity (Gabriel, 1993; van Groen et al., 1993; Jenkins et al., 2004, 

Poirier et al., 2008), including a loss of cortical plasticity (Garden et al., 2009). The 

interlinked goals of the present study were to characterize these cortical changes further and 

to determine whether previous findings, which indicate that these retrosplenial changes are 

especially pronounced in the superficial lamina (Jenkins et al., 2004; Garden et al., 2009), 
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are representative of a wider range of neurochemical changes. Using in situ hybridization, 

Experiment 1 found evidence that unilateral anterior thalamic lesions changed the relative 

expression of c-fos, zif268, 5ht2rc, cox6b, and kcnab2 across the hemispheres in the granular 

retrosplenial cortex (area Rgb). For four of these five genes, the changes reflected a 

pronounced decrease in lamina II expression in the retrosplenial cortex ipsilateral to the 

anterior thalamic lesion. To this list can be added gabrd, which also shows a reduction in 

superficial granular retrosplenial cortex after anterior thalamic lesions (Poirier et al., 2008). 

Of these genes, the exception was cox6b, which tended to be lower in lamina V yet 

relatively higher in lamina II, resulting in a significant interaction. For the three other genes, 

that were examined (cox6a1, CD74, ncs-1) there was no clear evidence of an anterior 

thalamic lesion effect within the granular retrosplenial cortex layers examined. It should be 

added that previous studies have repeatedly shown that anterior thalamic lesions do not 

result in a loss of neurons in the retrosplenial cortex (van Groen et al., 1993; Jenkins et al., 

2004; Poirier et al., 2008; Poirier and Aggleton, 2009), so excluding a potential confound.

This bias towards superficial hypoactivity in retrosplenial cortex after anterior thalamic 

damage has also been seen in immunohistochemical studies of the expression of the two 

immediate-early genes, c-Fos and Zif268 (Jenkins et al., 2004). A potential clue to this 

relationship comes from a consideration of the interconnections between the anterior 

thalamic nuclei and the retrosplenial cortex. Projections from all three major anterior 

thalamic nuclei (anterior medial, anterior ventral, and anterior dorsal) terminate in the 

retrosplenial region under investigation (Rgb). While the three major anterior thalamic 

nuclei have slightly different patterns of lamina inputs within Rgb (Shibata, 1993), they all 

preferentially target the superficial lamina of the cortex, with lamina I often receiving 

particularly dense termination (Vogt et al., 1981: Shibata, 1993; van Groen and Wyss, 1995, 

2003; see also present study). The neurons in lamina II have tight bundles of dendrites in 

lamina I (van Groen and Wyss, 1993) that are thought to have a particularly close 

relationship with the anterior thalamic inputs (Ichinohe and Rockland, 2002), so potentially 

explaining the sensitivity of these particular cells to thalamic disconnection. At the same 

time, the deeper retrosplenial cells also have apical dendrites that could interact with the 

anterior thalamic inputs to the more superficial granular retrosplenial cortex (Vogt and 

Peters, 1981; Shibata, 1998), showing how thalamic deafferentation could have more 

widespread lamina effects.

The target genes were selected with a view to: i) helping to understand better the nature of 

any cortical dysfunction, and ii) cross-validating with other studies. The results for c-fos, 

zif268, kcnab2, and 5hrt2c showed good agreement in comparison with previous anterior 

thalamic lesion studies that had used other methodologies (Jenkins et al., 2004; Poirier et al., 

2008). The cross-validated IEG depletions are potentially important as both c-fos and zif268 

have repeatedly been linked to learning mechanisms in a wide range of structures, including 

the retrosplenial cortex (Beck and Fibiger, 1995; Vann et al., 2000; Maviel et al., 2004; 

Pothuizen et al., 2009). In the cases of c-fos and zif268, immunohistological studies have 

shown marked reductions of Fos and Zif268 protein in the retrosplenial cortex after ATN 

lesions (Jenkins et al., 2004; Poirier and Aggleton, 2009). The c-fos findings are especially 

intriguing as the activity of this IEG is thought to be regulated by negative feedback 
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(Sassone-Corsi et al., 1988), such that high levels of c-Fos protein should normally restrict 

c-fos RNA production. For this reason, the discovery in this study that c-fos RNA and Fos 

protein levels parallel one another might not have been anticipated. Given that the activity of 

this IEG is often well correlated with neuronal activity (Herdegen and Leah, 1998; 

Lawrence et al., 2004; Herry et al., 2007; Yamazaki et al., 2008), the decrease in c-fos 

activity may reflect a long-term compensatory change in Rgb responsiveness to stimuli after 

remote anterior thalamic nuclei lesions. Alternatively, rather than a compensatory change, c-

fos mRNA could be de-sensitized as a result of chromatin remodelling, for example via 

deacetylation (e.g. Renthal et al., 2008). Such a possibility may be supported by reduced 

expression of a member of histone acetyltransferase complex (ruvbl1) in Rgb after thalamic 

lesions (Poirier et al., 2008). Meanwhile, the zif268 hypoactivity may have relevance for 

memory consolidation, as retrosplenial changes in zif268 activity are correlated with the 

reorganisation of spatial memories over time (Maviel et al., 2004).

The gene 5htr2c, showed a selective depletion of RNA levels in lamina II of the 

retrosplenial cortex (Fig. 3). An earlier study found that extensive thalamic lesions, which 

included the anterior thalamic nuclei, reduced levels of binding to serotonin1B (5-

hydroxytryptamine, 5-HT1B) throughout laminae I-III in Rgb cortex (van Groen et al., 

1993). It was supposed that this change largely reflected the loss of presynaptic binding, 

though in the present study the changes in 5hrt2c RNA potentially reflected changes to 

retrosplenial neurons, as this receptor can be found post-synaptically (Bockaerts et al., 

2006). The finding that cutting the mammillothalamic tract is sufficient to induce very 

pronounced decreases in c-fos activity within the retrosplenial cortex (Vann and Albasser, 

2009) reveals how changes seen in the retrosplenial cortex can be via a loss of afferent 

signalling rather than the degeneration of axon terminals.

Two closely related genes, cox6a1 and cox6b, which code for cytochrome oxidase, were 

examined. Cytochrome oxidase has been used as an index of long-term metabolic activity 

(Wong-Riley, 1989), and learning can be associated with levels of cytochrome oxidase 

(Poremba et al., 1998; Callaway et al., 2002). Further interest in this enzyme comes from 

findings that extensive unilateral thalamic lesions will reduce cytochrome oxidase in the rat 

retrosplenial cortex (van Groen et al., 1993), along with the discovery that patients with 

Alzheimer’s disease have unusually low levels of cytochrome oxidase within the posterior 

cingulate/retrosplenial cortex region (Valla et al., 2001; Liang et al., 2008). Of the two genes 

measured in the present study, only cox6b showed evidence of a lesion-induced change, with 

a modest increase in lamina II and decrease in lamina V, resulting in a significant 

interaction.

Levels of kcnab2 levels were affected by the anterior thalamic lesion in a layer-dependent 

fashion, with a reduction in lamina II accompanied by a modest increase in lamina V. 

Although little is known about the contribution of this delayed-rectifier potassium-gated 

channel subunit, its activation may play a role in the inhibition of cell firing (Richardson et 

al., 2000). As such, its reduced presence in lamina II could be involved in the long-term 

depression deficit observed in that specific layer after anterior thalamic lesions (Garden et 

al., 2009). While this remains speculation, kcnab2 does again provide clear evidence of a 

qualitative difference in lamina sensitivity.
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One of the first demonstrations of functional differences between retrosplenial laminae came 

from a series of pioneering electrophysiological studies (Gabriel et al., 1983; Gabriel, 1993) 

in which rabbits learnt an auditory avoidance discrimination between two tones. Recording 

studies during acquisition plotted the emergence of training-induced activity in the 

superficial and deep laminae of the retrosplenial cortex (Gabriel et al., 1983; Gabriel, 1993). 

While activity in lamina V and VI appeared to discriminate between the tones in early/

intermediate stages of training, comparable changes in the superficial lamina were not seen 

until later training. Such findings highlight a recurrent theme of the present study, the 

presence of qualitative differences between the superficial and deep layers of the 

retrosplenial cortex. Furthermore, the finding that recordings in the anterior thalamic nuclei 

(anterior ventral nucleus) show a similar pattern of late discrimination as that seen in 

superficial retrosplenial cortex (Gabriel, 1993) once again links these particular subregions. 

Consistent with this specific relationship, lesions of the anterior thalamic nuclei only 

disrupted late aspects of performance (Gabriel et al., 1989), although electrophysiological 

studies failed to confirm a selective disruption of just superficial retrosplenial cortex 

following anterior thalamic lesions in rabbits. This latter finding might reflect long-term 

compensatory effects following surgery. Evidence for such long-term changes comes from 

the finding that, following anterior thalamic lesions in rats, the IEG changes seem largely 

confined to the superficial lamina in the first few weeks after surgery, but by one year post 

surgery, these IEG changes become much more pervasive, with decreases across both 

superficial and deep lamina (Jenkins et al., 2004; Poirier and Aggleton, 2009).

In a complementary anatomical study, we examined whether cells in lamina II of the 

retrosplenial cortex (those most sensitive to disconnection) project indirectly back to the 

anterior thalamus. Strong support came from the WGA survival series (1-6 days) and from 

direct comparisons with Fast Blue label. Although cells in lamina II of Rgb were labelled 

trans-neuronally (as well as occasional cells in lamina III), we cannot definitively specify 

the route by which this occurred. It is, however, most likely that the route was via those cells 

labelled directly in the deeper layers of the retrosplenial cortex. It is known that the principal 

efferent target of the lamina II Rgb cells is to other sites within the retrosplenial cortex, both 

ipsilaterally and contralaterally, i.e. lamina II has mainly intrinsic projections 

(Sripanidkulchai and Wyss, 1987; van Groen and Wyss, 1990, 2003). As a consequence, it 

very probable that the labelled cells in lamina II project ipsilaterally to retrosplenial lamina 

VI cells that, in turn, project to the anterior thalamic nuclei. It can be added that the cases 

with unilateral thalamic injections of WGA injections showed no evidence of transcallosal 

label in lamina II.

As the importance of the retrosplenial cortex for learning and memory emerges (Maguire, 

2001; Vann et al., 2009), it becomes clear that retrosplenial cortex dysfunction could 

contribute to a wide range of cognitive disorders (Reed et al., 2005). It is for this reason that 

it is valuable to identify potential causes of retrosplenial dysfunction. There is, in fact, a 

growing list of disorders that exhibit both memory impairments and evidence of 

retrosplenial cortex dysfunction (Vann et al., 2009). In the majority of these cases, the 

retrosplenial cortex is hypoactive, as determined by reductions in glucose utilization, 

regional cerebral blood flow or blood-oxygen-level-dependent activity (Minoshima et al., 

1997; Reed et al., 1999; Aupée et al., 2001; Archer et al., 2003; Nestor et al., 2003a; Reed et 
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al., 2003; Martinez-Bisbal et al., 2004; Laurens et al., 2005). Disorders associated with 

retrosplenial hypoactivity include Alzheimer’s disease (e.g. Minoshima et al., 1997; Nestor 

et al., 2003b), mild cognitive impairment (Nestor et al., 2003a), vascular dementia 

(Martinez-Bisbal et al., 2004), diencephalic amnesia (Aupée et al., 2001; Reed et al., 2003), 

and temporal lobe amnesia (Reed et al., 1999, 2005; Aupée et al., 2001).

In a number of these conditions (e.g. Alzheimer’s disease), the origin of this hypoactivity 

could be intrinsic, i.e. due to pathology within the retrosplenial cortex (e.g. Pengas et al., 

2010), or extrinsic, i.e. due to distal changes that then influence the retrosplenial cortex 

(Aggleton, 2008; Vann et al., 2009; Chetelat at al., 2010), or both. The present study 

explored the impact of extrinsic changes by showing how unilateral anterior thalamic lesions 

disrupt retrosplenial cortex activity. Widespread abnormalities in retrosplenial cortex were 

found, which were especially concentrated in the superficial laminae. Other manipulations 

that preferentially target the superficial lamina of Rgb include the deposition of amyloid in 

transgenic mouse models of features of Alzheimer’s disease (van Groen et al., 2003). The 

potential significance of this thalamic – retrosplenial relationship is highlighted by the 

frequent presence of anterior thalamic pathology in conditions that disrupt memory (Masliah 

et al., 1989; Braak and Braak, 1991a, 1991b; Aggleton & Brown, 1999; Harding et al., 2000; 

Van der Werf et al., 2003). Future studies might seek to contrast the impact of selective 

lesions of the three major anterior thalamic nuclei, as they each have unique patterns of 

limbic connectivity (Vogt et al., 1981; Shibata, 1993, 1998; van Groen and Wyss, 1995; 

Aggleton et al., 2010; Wright et al., 2010). A related task will be to determine whether the 

molecular retrosplenial changes that follow anterior thalamic damage are sufficient to stop 

this cortical area from conducting its normal functions. In view of the repeated finding that 

anterior thalamic lesions do not alter the appearance of the retrosplenial cortex when 

measured by Nissl stains (van Groen et al., 1983; Jenkins et al., 2004; Poirier and Aggleton, 

2009), such findings would point to the presence of ‘covert’ pathology within this cortical 

region (Garden et al., 2009).

List of abbreviations used in manuscript

AD anterior dorsal thalamic nucleus

AM anterior medial thalamic nucleus

ATN anterior thalamic nuclei

AV anterior ventral thalamic nucleus

DAB diaminobenzidine

DEPC diethylpyrocarbonate

IEG immediate-early gene

NeuN neuronal nuclei antibody

NMDA N-methyl-D-aspartic acid

PBS phosphate buffered saline
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SM stria medullaris

WGA wheat germ agglutin
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Figure 1. 
a) The smallest and largest lesions are represented in dark and light grey, respectively. The 

plates, from left to right, represent the distances −0.92, −1.4, −1.8, −2.12, and −2.56 mm 

from bregma. b) Photomicrograph of a Nissl-stained coronal section, contrasting the anterior 

thalamic nuclei in a normal hemisphere (left) and a lesioned hemisphere (right). The outline 

highlights the area of gliosis and cell loss. Note that the tissue was not perfused, hence the 

poor differentiation. AD, anterior dorsal thalamic nucleus; AM, anterior medial thalamic 

nucleus; AV anterior ventral thalamic nucleus. The scale bar represents 500 μm.
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Figure 2. 
Graphs showing the mean silver grain count per cell in laminae II and V of granular 

retrosplenial cortex (Rgb). Data are presented for c-fos (A), Zif268 (B), 5ht2rc (C), and 

CD74 (D). In all cases, the graphs compare the grain counts in the hemisphere ipsilateral to 

the anterior thalamic lesion (ipsi-lesion) and contralateral to the lesion (contra-lesion), i.e. 

intact. Error bars represent the standard error of the mean, but note that the comparisons are 

within-subject.
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Figure 3. 
Photomicrographs of silver grains reflecting levels of 5htr2c mRNA in the granular 

retrosplenial cortex (Rgb) in a rat with a unilateral anterior thalamic lesion. There is a clear 

reduction of grain counts in the superficial laminae of Rgb in the hemisphere (Lesion) with 

the thalamic lesion. ‘Sham’ refers to the intact hemisphere. The upper row shows silver 

grain in the superficial laminae (I, II, III), while the lower row (Deep) depicts laminaV. 

Scale bar = 25 μm.
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Figure 4. 
Graphs showing the mean silver grain count per cell in laminae II and V of granular 

retrosplenial cortex (Rgb). Data are presented for cox6a1 (A), cox6b (B), ncs-1 (C), and 

kcns2(kvβ2) (D). In all cases, the graphs compare the grain counts in the hemisphere 

ipsilateral to the anterior thalamic lesion (ipsi-lesion) and contralateral to the lesion (contra-

lesion), i.e. intact. Error bars represent the standard error of the mean, but note that the 

comparisons are within-subject.
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Figure 5. 
Photomicrographs of retrosplenial region Rgb showing the presence of additional (trans-

neuronal) retrograde label in lamina II (see D,F) following extended survival times after an 

injection of wheat germ agglutin (WGA) into the anterior thalamic nuclei:compare C (1 day) 

with D (3 days). A) Photomicrograph of retrosplenial region Rgb reacted for NeuN to show 

the laminar pattern of neurons. The boundary between laminae V and VI is indicated by 

narrow dashes. The midline is at the extreme right of the photomicrograph. B) Inset from 

(A) to show lamina structure of retrosplenial area Rgb. C) Photomicrograph of retrosplenial 
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region Rgb reacted for WGA following a 24 hour survival period after a unilateral injection 

of WGA into the anterior thalamic nuclei. D) Photomicrograph of Rgb reacted for WGA 

following a 3 day survival period after a unilateral injection of combined Fast Blue/WGA 

into the anterior thalamic nuclei. Note the presence of additional, superficial label. E: 

Fluorescence photomicrograph of Fast Blue labelling in Rgb after 3 day survival. (The 

adjacent section is shown in D). The boundary between laminae V and VI is indicated by 

narrow dashes. F) High magnification photomicrograph of region indicated by a dashed box 

in (D), showing retrograde label in lamina II cells. G & H) Injection sites for Fast Blue (G, 

asterisk) and WGA (H, asterisk) in the anterior thalamic nuclei for the same 3-day survival 

case (also see D &E). The dashed line shows the border with the stria medullaris (sm), while 

the solid line marks the midline. I) Further high magnification photomicrograph of the 

retrograde label in the region indicated by the dashed box in F. Scale bar for A), C), D), E) 
displayed in E) (bar = 250μm). Scale bar in F) = 100μm. Scale bar in G), H) = 500μm. All 

sections are in the coronal plane.
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Figure 6. 
Photomicrograph of caudal retrosplenial cortex showing the presence of additional (trans-

neuronal) retrograde label in lamina II (see B,C) following extended survival times after a 

bilateral injection of wheat germ agglutin (WGA) into the anterior thalamic nuclei. A) 
Photomicrograph of caudal retrosplenial cortex (Rga, Rgb) reacted for WGA following a 3 

day survival period. The dashed line marks the boundary between lamina V and VI. Scale 

bar = 500μm. B) Higher magnification photomicrograph of region indicated by a dashed box 

in (A), showing both anterograde label (laminae I-IV) and retrograde label concentrated in 
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lamina II cells. C) Further high magnification photomicrograph of the retrograde label in the 

region indicated by the dashed box in B. Note, the occasional cell in lamina III/IV. All 

sections are in the coronal plane.
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Table 1
List of oligonucleotide probes used for in situ hybridisation

Target NCBI Accession No. Nucleotides Probe Sequence

cFos NM 022197 153-197 ggaggatgacgcctcgtagtccgcgttgaaacccgagaacatcat

Zif268 NM 012551 3-47 ccgttgctcagcagcatcatctcctccagtttggggtagttgtcc

5ht2rc NM 012765 1538-1582 gagctccctcccagacaaagcagtggcagcaaccctaggaatctg

Cox6a1 NM 012814 118-162 acgaagtaggtgagggccctccaaatacgagctgaaccctcctcg

Cox6b NM 025628 115-159 agggggcagttttgtagttcttgattttagtcttgatgtcttcag

ncs-1 NM 024366 71-115 ttctggtcagctcctccacaacttcaggcttcaacttgctgttgg

CD74 NM 013069 558-602 ttcatccagctctcaaagaccttccagtccagaccattcatagag

Kcnab2 NM 017304 567-611 gcccagattcctgtaaaactggagctgtcttttgggactcccata
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